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Many diseases such as cancer are initiated in single cells which modify their functions 
and amplify certain biological activities of the normal cells. These changes affect and 
permanently change the mechanical properties of normal cells. The significant difference 
between mechanical properties of different malignant cell lines could be used as a label 
free biomarker to distinguish between invasive and non-invasive carcinoma cells whose 
shapes and sizes are roughly the same. Among recent experimental methods for single 
cell assessments, dielectrophoresis (DEP) based devices have been introduced as novel 
techniques to direct deformation measurement of the living cell. In this work the 
application of microdevices for trapping and stretching of two human breast carcinoma 
cell lines based on dielectrophoresis phenomena, is presented. 
The results of electro-deformation process of two malignant cell lines, MDA-MB-231 
(highly metastatic human breast carcinoma cell line) and MCF-7 (weakly metastatic 
human breast carcinoma cell line) using a positive DEP micro-device is presented in this 
work. The elastic constants of cells are measured by comparing the results of finite 
element simulation using COMSOL multiphysics with those of experimental studies. 
Concurring with the previous works, the results of this study show that highly metastatic 
breast cancer cells (MDA-MB-231) are much softer than weakly metastatic breast cancer 
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cells (MCF-7), such that they could squeeze easier and migrate into human tissue through 
capillary blood vessels. 
An improved design to trap the suspended living cells in the middle of electrodes is 
presented and experimentally tested in the thesis. Inducing symmetric elongation on cells 
could improve the accuracy of calculated elastic constant of cells. Also, as the cells are 
positioning between electrodes (in the transparent zone) the visibility of captured images 
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Chapter 1: INTRODUCTION 
1.1  Motivation, rationale and objectives 
In the previous decade, the trend toward in depth assessment of living cells, as the 
fundamental entities of the human body, has led to the emergence of new experimental 
techniques and several thousands of research papers have been published. The living cells 
(typical cell diameter is around 10 µm and a typical cell mass is around 1 nanogram) are 
the complex bio-dynamic systems which exhibit behaviors dependent on their type, size, 
shape, environment, local state (adhered or suspended), and other several known and 
unknown factors. Manipulation and assessment of such small particles creates more 
difficulties. Recent, extensive studies are trying to overcome these difficulties.   
During life, living bodies are exposed to various kinds of stresses, including 
external (e.g. bio-chemicals) and internal (e.g. ageing). Although human body is prepared 
for these stresses by the natural immune system [1], millions of deaths per year indicate 
that our bodies’ immune system is not always able to effectively  act in the presence of 
cancers or heart attacks, which are two leading causes of death in the twentieth century 
[2] and current century [3], respectively.  
Besides the immune system of the human body, diagnosis and treatment, or 
medical care, are also the two keys to health. Life is strongly dependent on the physical 
condition of the living units of the human body, from organisms to single cells. 
Regarding this fact, the investigation of the physical condition of the living units of 
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human body helps scientists and researchers find the most effective, and most cost 
effective, treatments for cancers.  
It should be noted that the diagnosis of a disease or choice of the best medical 
treatment cannot be achieved without an in-depth understanding of the physiology of 
living cells. Assessing the properties of living cells, investigating the responses of living 
cells upon applying a stimulus, and observing and investigating how living cells carry out 
changes to their environment, are among the studies which lead to a better understanding 
of the physiology of these small, essential parts of human bodies.  
There are certainly needs, gaps, and also difficulties in this regard, which 
scientists and researchers are trying to overcome based on their interests. For bio-
engineers, the field of interest lies in the separation of living cells, cell-cell interaction, 
moving the single cells in mediums, cell adhesion to the substrate and the mechanical 
properties of the living cells. The above mentioned properties are seen as key factors in 
understanding the mechanism of cancer genesis and progression. 
Measuring and investigating the local and global mechanical properties of living 
cells, especially when they are in their physiological environment is of great interest to 
research as these properties may reveal important information about the state of the cells. 
Mechanical properties of the living cells may alter when the condition of their 
environment changes or an external condition induces a permanent change into the cell 
structures. Mechanical properties of single cells are not only different from one cell line 
to another, but they also vary in different states of cell life, such as division, migration, 
fixing and ageing [4]. Regarding this fact, researchers are interested in measuring the 
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mechanical properties of the living cells. They believe this is an inverse method to 
recognize and evaluate the unknown cells, in order to choose the best treatment. 
Here, it will be useful to mention some research works, which have shown the 
significant changes in living cell properties during different life conditions. The first 
example is related to the results of a research work published by M. Lekka and his 
colleagues in 1999 [5]. They demonstrated that the significant difference exists between 
the values of Young’s modulus of cancerous cells and normal cells. They measured a 
value of 0.99±0.47 kPa for Young’s modulus of a T24 cell (cancerous human epithelial 
cell line) and 12.88±4.83 kPa for Hu609 (normal human epithelial cell line). Thus, one 
can recognize cancer cells by evaluating the mechanical properties of the individual cells.  
Cell adhesion to a substrate is another area of interest. The second example is the 
results published by S. Leporatti and his colleagues in 2009 [6]. They observed that the 
values of Young’s modulus for two cancerous cell lines were affected by the adhesion 
behavior of cells onto the substrate. The results of their study for MCF_7 (human breast 
cancer cell line) and HeLa (human cervical carcinoma cell line) are shown in Table 1.1  
Table 1.1: Young’s modulus of two different cancerous cell lines [6] 
Cell line Young’s modulus (kPa) 
MCF_7 living 20–30 
MCF_7 fixed 50–150 
HeLa living 100–200 
HeLa 7 fixed 400–500 
  
Their results show that not only Young’s modulus of the fixed cells (for both of the cell 
lines) have almost two times the magnitude of those of living cell lines, but also there is a 
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significant difference between Young’s modulus of MCF_7 and HeLa cells. They 
justified such that despite exhibiting similar phenotypic characteristics, MCF_7 and HeLa 
cells have different cytoskeleton structure (see the cell physiology source book [7]), 
which could induce different stiffness into the cell structures [6]. 
Another research example is related to the ageing of living cells. A review of the 
mechanical properties of the living cells with ageing has been carried out by M. N. 
Starodubtseva in 2009 [4]. Their study showed that the stiffness of living cells increased 
with ageing, while their abilities to undergo external stress and large deformation 
decreased [4].  
These examples clearly demonstrate the rational reasons for measuring and 
investigating the properties of living cells. Studying how living cells undergo external 
stress or respond to a stimulus is being investigated by experimental techniques. 
This works aims to measure the Young’s modulus of two cancer cell lines, MDA-
MB-231 (highly metastatic human breast carcinoma cell line) and MCF-7 (weakly 
metastatic human breast carcinoma cell line) using a field-induced experimental method. 
A dielectrophoresis (DEP) microdevice to induce electro-deformations on living cells is 
designed and fabricated to experimentally measure the deformation of cancer cells in a 
non-uniform electric field. The Young’s modulus of cells then is calculated by matching 
the deformation of cells obtained experimentally by adjusting the parameters of the 
simulation in the finite element analysis. The objective is to compare the obtained results 
with the results presented in the literature to demonstrate the application of the DEP 
microdevice for measuring the mechanical properties of human cancer cells.  
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1.2 Achieving single cell assessment  
One way to move toward single cell assessment is to measure the properties of a 
cell, investigating the obtained result, and then evaluating the cells and their states. The 
important properties of living cells include mechanical/structural, electrical, optical, 
magnetic, and acoustic properties. There is a special trend to measure the 
mechanical/structural properties of the living cells due to their key roles in cell 
physiology. Also, the other properties of the living cells are strongly coupled with their 
mechanical/structural properties. For example, the mathematical models (e.g. 
solid/elastic, liquid/viscous) proposed for modeling the acoustic responses of a single cell 
must be based on the primary investigation of the mechanical/structural properties of that 
single cell. Otherwise, the models could lead to incorrect evaluations. 
Furthermore, most of the living cells have different behaviors against different 
types and ranges of stimuli (as they are alive). The experimental techniques could 
partially clarify these behaviors. In this study, during the presentation of the experimental 
methods, some of these behaviors have been indicated.   
1.3 Mechanical and structural properties of living cells 
The mechanical and structural properties of living cells alter during the cell cycle 
(e.g. growth, division, and senescence) as well as when an external condition is applied to 
the cell structure or cell environment. Although all of the cell components (see the cell 
physiology source book [7]) influence the cell function, some of them have dominant 
roles in certain situations. For example, the cytoskeleton network suffers from 
mechanical loads [4], while the structure of the cell membrane changes following drug 
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interaction [8]. Thus, measuring Young’s modulus of the cytoskeleton or the stiffness of 
the cell membrane could predict the state of the living cells. However, estimation of the 
cell state based on the data obtained from the experimental methods is not generally 
adequate. An appropriate mechanical model (see review paper [9]) must be considered to 
evaluate the raw data and properly assess the properties of a single cell. Measuring the 
mechanical and structural properties of the living cells, including mass density, stiffness, 
Young’s modulus, shear modulus, static and dynamic viscosity, natural frequency, cell-
cell interaction, and cell adhesion to the substrate is a first step toward cell assessment.   
The mass of a single cell is one of the important properties of cells which has a 
direct role in the synthesis of proteins and the replication of the large molecules and DNA 
inside the cell during division and growth [10]. Estimating the cell cycle progression is 
achieved by this fact that through the cell cycle, cell progress occurs only when the cells 
have sufficient mass and appropriate size [11]. In some of the research, cell volume is 
used to estimate the mass of the cell simply by multiplying the cell density and the cell 
volume [12]. It has been proven that this estimation cannot be accurate because the mass 
densities of cells alter through the cell cycle [13]. Direct measurement of the mass 
density of cells leads to a more accurate understanding of the cell cycle.  
It has been shown that among the various moduli of the living cells (e.g. Young’s 
modulus, shear modulus, and bending modulus [4]), Young’s modulus changes more 
considerably upon applying an external force [14]. It is one of the most important basic 
elastic properties of the living cells, which could be used for investigations of cell 
function. For example, Young’s modulus of the HUVE cells (human umbilical vein 
endothelial cells) is increased with exposure to shear stress [14]. This increase is more 
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significant at the nuclear region, such that the nuclear region of HUVE cells appears to be 
stiffer [14]. Also, some living cells show considerable variations in elastic properties 
when they start moving, such that their nuclear region becomes softer [14]. Furthermore, 
variations of Young’s modulus have been demonstrated for cancerous cells and adhered 
cells compared to normal cells and suspended cells respectively (mentioned before). 
Thus, almost all experimental methods attempt to measure Young’s modulus of different 
regions of a cell to assess cell behavior. As indicated above, usually Young’s modulus of 
living cells cannot be obtained directly by experimental techniques. An appropriate 
mechanical model for cells is needed to calculate Young’s modulus of living cells using 
the value of stiffness or deformation of the cell membrane [9]. A simple linear elastic 
model for living cells, where the single cells are considered as the homogeneous elastic 
solid, can be used based on the principle of the simplification of viscous materials [15].  
There are various experimental techniques used to calculate the elastic and 
viscoelastic properties of living cells. They can be applied to measure the local 
mechanical properties of the cell membrane or those of the whole cell. Meanwhile, 
experimental techniques could investigate cell adhesion to the substrate and also cell-cell 
interaction.  
The natural frequency of the living cells is another important property of the 
living cell whose measurement is not simple in any way. As the living cells are small 
particles in the range of ten micrometer, they have a high natural frequency in the range 
of a few hundred kHz to MHz. There are some papers that report having measured the 
natural frequency of a certain living cell, but it is apparent that they have just measured 
the natural frequency of the coupled system (the cell and the measuring equipment). It 
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can be suggested that only non-contact methods (such as acoustic microscopy [16]) can 
overcome this problem, although the excitation of living cells in their physiological 
environments, which serve as an absorber, yield specific difficulties.  The only report of 
an observation of resonance of living cells in a high-amplitude ultrasonic field, based on 
the belief of Zinin and his colleagues [17], is that from 1986 carried out by Miller [18].  
1.4 Literature review  
In 1950, Crick and Huges [19] were among the first researchers who utilized the 
magnetic particle method to study the mechanical properties of living cells. Since then, 
several methods and techniques have been developed. In this study, the recent 
experimental methods applicable to a single cell level are introduced and reviewed based 
on the techniques employed, as summarized in Table 1.2.  












































































































































































In the following, the detailed discussions regarding these techniques have been 
provided and a systematic review on the related papers has been conducted and 
categorized in the following sub-sections.  
1.4.1 Atomic force microscopy (AFM) 
Atomic force microscopy [20] is an accurate investigative tool for imaging and 
probing living cells [14] (accuracy of approximately 1nm and pN for imaging techniques 
and applied forces respectively [27]). AFM is a standard tool for biological application 
thanks to its ability to operate in the physiological condition of living cells [28]. It 
consists of a cantilever beam, which can bend using piezoelectric actuators. Laser/optical 
tools are used to measure the bending of the cantilever and prepare the signal controller 
feedback for the piezoelectric actuator [27]. Figure 1.1 shows a schematic of the AFM 
method. 
 
Figure 1.1: Schematic of AFM  for living cell probing [29]. 
The operation of AFM is dependent on the mode of cantilever tip including 
contact mode, tapping mode, and noncontact mode [30].  
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In contact mode, the tip of the cantilever is inserted into the cell and the 
interaction between the tips and cell walls causes bending of the cantilever. The bending 
value of the cantilever is detected using a focused laser on the cantilever tip [14]. As 
illustrated in Figure 1.1, a feedback signal from the photodiode makes a position control 
for the cantilever tip using piezoelectric embedded in the other end of cantilever. The 
contact mode requires a direct indentation into the samples (typical value of 10
−7
N for 
repulsive interatomic force) by the cantilever tip which cannot be applied to living cells 
[30]. In such a situation, usually a microbead is attached to the tip of the cantilever to 
make the contact between the tip and sample more gentle [31], or using the noncontact 
mode of AFM is recommended. 
In the noncontact mode of operation, the tip of the cantilever moves a distance of 
50–150 Å above the cell surface and the attractive forces between them (typical value of 
10
−13
N) are detected using the same manner as in the contact mode [30]. The only 
difference between the contact and noncontact modes is that, in the noncontact mode, due 
to the weakness of attractive forces, the tip–surface force interaction can be measured by 
changes in the resonance frequency of the cantilever when it is positioned in the 
proximity of cell surface. The significant problem with the noncontact mode is effects of 
contamination of cell surface on the cantilever oscillation which leads to the low 
resolution [30]. 
The tapping mode of AFM is used for the topographic imaging of living cells. 
Like the noncontact mode, the tapping mode is a dynamic detection mode. The 
piezoelectric actuator causes the cantilever to oscillate near its resonant frequency while 
it is not in contact with the cell surface. Then, the cantilever, while it is oscillating, is 
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moved toward the cell until it touches the surface of the cell and then is moved 
horizontally on top of the cell surface. The changes (i.e. the decrease of the oscillation 
amplitude) of the vertical oscillation of the cantilever tip are used as a feedback signal for 
the piezoelectric actuator and result in topographic imaging of the cell surface [30].       
At the single cell level, Weisenhorn et al. (1993) [32] were among the first ones to 
measure the elastic modulus of lung cancer cells. In their study, they mentioned that 
when AFM is used for measuring the mechanical properties of soft samples like living 
cells, high resolution imaging techniques were needed to achieve the desired accuracy of 
measured values. Also, they indicated that the problems with soft samples were related to 
the weak adhesive force between living cells and the hard substrate which could produce 
the large deflection of the cantilever. To tackle this problem, they corrected the force-
versus-indentation curves of soft samples by the force-versus-indentation curves of hard 
samples obtained by the same cantilever. They reported that an applied force about 1-10 
pN was needed to have high resolution images of living cells with approximately 1 nm 
vertical deformation. They applied this technique to measure Young’s modulus of rubber, 
cartilage, and living cells and obtained the values of 0.013-0.15 MPa for Young’s 
modulus of lung cancer cells. Although they calibrated the micro cantilever for soft 
samples, the demand for high resolution imaging of soft samples remains a challenge in 
such experiments.  
It seems that the application of atomic force microscopy is limited to only probing 
the adherent cell. In addition to the difficulties reported by Weisenhorn and his 
colleagues [32] in recent research, the standard AFM technique cannot be applied on the 
cells which are not attached to the substrate. One way to overcome this limitation is to 
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attach the non-adhered cells to a glass surface using Poly-L-lysine solution, which can 
create a good attachment between the cells and glass surface [14]. There are two 
limitations to this approach, including the loss of accuracy due to inducing membrane 
rearrangement and the effect of positively charged Poly-L-lysine solution on the cells 
with negative electrostatic force (e.g. red blood cells) [14]. Regarding these phenomena, 
efforts have directed the AFM method toward probing the suspended cells in their 
physiological environments. 
One example of this trend refers to the two-fingered micro-hand as a micro-
manipulation system for a single cell level, fabricated and tested by Kenji Inoue and his 
colleagues (2007) [33]. Their device is comprised of six degree of freedom two-fingered 
micro-hand, an auto-focusing optical microscope, and a user interface, which has the 
ability to grasp, move, rotate, and release single living cells. They describe two 
applications for their device. In the first application, they used four fingers to extract the 
nucleus of an egg cell of a rat. Two fingers are inserted into the cell while it is being held 
by two other fingers and then the nucleus is extracted, as illustrated in Fig.6 in the 
reference paper [33]. 
In the second application, they measured the stiffness of a normal human 
leukocyte and a yeast cell using the gradient of the force-deformation curve. Only one 
hollow finger is used for the second application. The procedure of measuring cell 
stiffness first involves the single cell being attracted by a hollow finger with 2µm tip 
radius due to a capillary suction effect and then the finger moves the cell toward the AFM 
cantilever and presses it against the cantilever tip. The absolute deformation of the cell 
will be obtained from the difference between the deflection of the cantilever and the 
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moving distance of the fingertip measured using an optical microscope. The microscope 
images of the experiment illustrated in Fig.9 in the reference paper [33] shows the 
application of this technique for measuring the stiffness of a human leukocyte cell. 
The combination of micro-finger and AFM sensor in this technique permits the 
highly accurate point-by-point analysis of a single living cell and also makes using the 
inexpensive probing technique comparable to the standard AFM probing [33]. One 
significant drawback of this method is the lack of signal control feedback to control the 
position of the micro-finger used for tuning the applied force. Also, the misalignment of 
the applied force via the end-effectors of a micro-finger causes it to bend under high 
forces or may produce the disconnection between the cell and cantilever tip. Furthermore, 
there are some limitations in the size and shape of single cells in making use of capillary 
suction as an attraction force between hollow fingers and cells.  
Hiratsuka et al. (2009) [34] investigated the viscoelastic properties of mouse 
fibroblast NIH3T3 cells in large numbers using atomic force microscopy (AFM) and 
microarray techniques. As the living cells have individual variance in their properties, 
statistical estimation has been used in this study. For their experiment, the suspended 
living cells are deposited on the wells of the microarray within an appropriate medium. 
An optical microscope measures the total number of cells such that each single cell 
occupies one well of the microarray [34]. As illustrated in Fig.1.1 in the reference paper 
[34], the micro cantilever is moved on top of the each well while it operates in dynamic 
mode. A function generator applies an oscillatory vertical movement (0.5-200 Hz 
frequency and 10 nm amplitude) to the cantilever. For gentle contact between the cells 
and cantilever and also for well-defined contact geometry, a micro-bead (colloidal silica 
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bead of approximately 2µm radius) is attached to the tip of the cantilever using epoxy 
glue. During indentation of the micro-bead to the cell surface (about 35s.), the phase and 
amplitude shift of the cantilever are measured by a lock-in amplifier. Finally, the 
frequency dependent shear modulus of single cells ( *G ) are measured by measuring the 
complex loading force ( *F ) using a Hertz model based on the approximate mathematical 
relations presented by Mahafy et al. (2004) [35].  
Cell adhesion also represents another area of interest when assessing a single cell. 
Cell adhesion to a substrate and also cell-cell interaction is performed by Actin 
Cytoskeleton [36] and alters during the cell cycle. For example, the shape of an adherent 
cell changes at the beginning of mitosis (process of cell division) from spread to round, 
which causes a reduction in the adhesion force [37]. Characterization of the mechanical 
properties of Actin stress fibers (SFs) has been considered due to their key role in force 
transmission [38]. One of the applications of AFM is at the fiber drawing contact mode 
[39] at which the force between extracellular matrixes (ECM) and Integrin proteins is 
measurable due to the ability of AFM in the force spectroscopy domain [40].  
Weder et al. (2009) [37] applied the fiber drawing contact mode of AFM in their 
experiment to investigate and measure the focal adhesion force of Saos-2 cells (human 
osteosarcoma cells) to a glass substrate during the cell cycle. They analyzed 15,000 cells 
of each cell line and plotted the force-distance curves to investigate the cell cycle phase, 




Figure 1.2: A) Single force spectroscopy, B) Force-versus-distance curves [37] 
To accomplish the experiment, they first brought a population of each cell line to 
the same phase using a cell Synchronization [41] process. Then, a single mitotic cell 
which was detached from the culture dishes was attached to the cantilever using an 
appropriate solution. The cantilever was moved toward the surface while it carried the 
cell until the repulsive force between the cell and substrate reached 900 pN. 
Consequently, the cell was pushed against the surface and then rebounded. The contact 
time was about one second, after which the retract step was started. 
Several features obtained from the force-versus-distance experiment (Figure 
1.2.B) have been reported in this study: 1) Maximum force of detachment from Step IV. 
2) The displacement which is needed to remove the cell from the substrate from Step III 
to Step IV. 3) The work done at detachment (the hatched area illustrated in Figure 1.2). 4) 
Identifying and analyzing the unbinding events from the discrete steps of force-distance 
curves [37].  
Generally, AFM is an expensive method [33] and it is also difficult to determine 
when the tip of the cantilever touches the samples [31]. Furthermore, force feedback is 
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needed to decouple the force and displacement intended for direct measurements of the 
stiffness of the samples [39]. 
1.4.2 Microneedle  
The microneedle (MN) technique is another cantilever based approach which is 
not only used for stiffness measurements, but is also a tool for the delivery of 
nanoparticles (e.g. a drug) into the living cell without inducing any unwanted 
biochemical activity within the cell [42].  
Felder and Elson (1990) [43] investigated the adhesion of chick embryo heart 
fibroblast cells to different substrates. Ishijima et al. (1991) [44] measured the attachment 
and detachment force of actin filaments using the microneedle technique. Like the other 
methods, the microneedle technique is still being developed with the intention of 
achieving the highest possible accuracy. Ahmad et al. (2008) [21] used four types of 
nanoneedles for the characterization of the cellular mechanics of yeast cells. They 
showed that (Figure 1.3) nanoneedles with different spring constants could be used for 
measuring the local mechanical properties of a living cell or penetrating the cell 
membrane in a single cell surgery.  
A simple mathematical equation can be used to estimate the stiffness of a single 








 where probek is the spring constant of the soft probe, total is 
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the total displacement of two springs, and 
cell is the deformation of the cell observed by 
the imaging tools  [21]. 
 
Figure 1.3: Schematic of experiments done by Ahmad et al. [21] 
In both AFM and MN, Young’s modulus of a single cell can be calculated using 
Hertz-Sneddon models (i.e., the modified Hertz’s mechanics model [45] to estimate 
Young’s modulus of cells based on the shape of  tips: conical, spherical, or cylindrical 
[21]). Ahmad and his colleagues [21], in the recent study described above, measured a 
value of 3.64MPa and 1.47MPa for global and local stiffness of a W303 yeast cell, 
respectively (see the relative ESEM images (environmental scanning electron 
microscope) in the reference paper [21]). 
One advantage of the MN technique compared to AFM is its ability to measure 
both the local and global stiffness of living cells using hard and soft probes, respectively. 
Although observing the deformation of cells in their environments has become easier and 
more accurate by ESEM, some difficulties reported in the literature limit its application in 
wet samples [39]. Furthermore, the accurate calibration of the needles is required before 
and after each experiment by a cantilever with known stiffness.  
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1.4.3 Oscillatory cantilevers 
This is a unique method for the accurate measurement of the mass density of 
single cells based on the resonance frequency of micro-cantilevers. Park et al. (2008) [10] 
used a living cantilever array to measure the mass of single adherent cells in liquid based 
on the measurement of a resonance frequency of cantilevers using LDV (Laser Doppler 
Vibrometer). The basis of their methods is measuring the mass of single cells by 
extracting the resonance frequency shift of the micro cantilever. HeLa cells have been 
chosen for the experiment. As illustrated in Fig.1 in the reference paper [10], the 
suspended HeLa cells are injected into the microfluidic channels, comprised of silicon 
micro cantilevers with dimensions 25-40 µm long, 240 nm thick and 10 µm wide. 
Positive dielectrophoresis is used to capture the cells on top of the micro cantilevers. The 
resonance frequencies of micro-cantilevers are measured by LDV. The mass of living 
cells is inversely proportional to the difference between the resonance frequency of 
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, where m is the mass of living cells, k is the spring constant of 
the cantilevers, 1f and 0f  are the resonance frequency of the cantilever with and without 
the cells, respectively. 
Godin et al. (2007) [46] and Burg et al. (2007) [47] have also used the shift in the 
resonance frequency to measure the mass density of living cells. Although this approach 
is an effective technique for the direct measurement of the mass density of cells, some 
difficulties and deficits have been observed. This method can be applied only on the 
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adherent cell and attaching the cell to the cantilevers may induce membrane 
rearrangement [14], resulting in an incomplete growth of cells. As is indicated above, the 
mass of the living cell is a variable property depending on the cell cycle, thus the 
misunderstanding about the state of the cell leads to wrong values of cell density. 
Furthermore, controlling the number of cells attached to the cantilevers is almost 
impossible and thus the measured frequency is not related only to one single cell. There is 
also some mismatching with the theoretical approaches, which is related to the error of 
measurement devices and resolution limits of confocal microscopy [10].    
1.4.4 Magnetic twisting cytometry (MTC) 
Magnetic twisting cytometry is an effective technique for measuring the 
rheological properties of the living cell membrane. Comparing with the other non-
magnetic cytometry techniques, such as laser/optical techniques, it will not produce 
destructive heat even in high levels of generated forces [48]. Wang et al. (1993) [22] 
were the first researchers who used MTC to investigate the function of transmembrane 
cell adhesion molecules (e.g. Integrin proteins) without producing large-scale changes in 
the cell shape. Fabty et al. (1999) [49] simultaneously measured the rotation of 50,000 
beads bounded to 20,000-40,000 bovine capillary endothelial cells (BCE) and human 
airway smooth muscle cells (HASM) using magnetic twisting cytometry. In the MTC 
technique, first the surface of living cells is incubated with ferromagnetic microbeads 
coated with a synthetic RGD peptide (a specific ligand for integrin receptors [49]) or full-
length ECM proteins, and then a strong magnetic field (over a very short period of time) 
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applies a force to the beads along the orthogonal direction to induce the twisting 
deformation into the cell membrane [50].  
Overby et al. (2005) [51] investigated the focal adhesion behavior of bovine 
capillary endothelial  cells (BCE) by applying a dynamic tensional force to the cell 
surface integrin receptors, via bounded ligand-coated magnetic beads, using a 
combination of MTC, a permanent electromagnetic microneedle, and magnetic tweezers. 
They applied the electromagnetic force waveform to the microbeads bound to a single 
cell (10-20 beads/cell) using a magnetic needle. An amplifier supplies and controls the 
current to generate any arbitrary force regime. The displacement of beads is recorded by 
a microscope and a CCD camera as illustrated in Figure 1.4.  
 
Figure 1.4: a) Experimental setup for pulling cytometry of a BCE cell [51], b) SEM image of 
beads embedded in the cell surface [49]. 
 Several results have been reported by Overby et al. [51] as follow: 1) The 
induced magnetic pulling force into the micro bead is linearly proportional to the applied 
current; 2) Up to a 10 nN force can be applied to the magnetic beads using a microneedle, 
and for applied forces in the range of 100pN to 1nN, the change of bead displacement is 
linearly proportional to the applied force; 3) Stress-induced displacement of microbeads 
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is measured using MATLAB image processing by computing the dynamic displacement 
versus time; 4) Various mechanical stimuli including sinusoidal, rapid, and prolonged 
magnetic pulses are applied to the beads and their displacements are measured; 5) The 
investigation of viscoelastic creep behavior of living cells showed that only 48% of focal 
adhesions (induced into the cytoskeleton network by microbeads bound to the cell 
surface) obey the power-law relationship (at
b
). The advantage of this method 
(electromagnetic pulling cytometry) compared to the standard magnetic twisting 
cytometry (which can produce only a uniform perpendicular magnetic field) is its ability 
to generate various strong tensional forces and use the interchangeable electromagnetic 
microneedle, although like the standard MTC, it has no ability to apply non-attractive 
forces [51]. 
1.4.5 Laser/optical tweezers 
The laser/optical tweezers method is another experimental technique for 
manipulating and assessing single living cells. In this method, the embedded dielectric 
microbeads transmit the external force into the living cells and the desired changes (e.g. 
frequency dependent deformation) can be detected using a laser beam and a microscope. 
In this method, the controlled force generated using laser power results to produce the 
force in range of pico-Newton with a resolution as accurate as 100 aN [23].  
For the first time, at the single cell level, Ashkin et al. (1989) [52] used the optical 
trap method to manipulate the individual bacteria cells and single red blood cells in a 
sample medium. For this purpose, the cells have to be located within a medium whose 
refractive index is lower than the cells [27]. After laser exposure, the gradient force 
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pushes the dielectric particle toward a highly focused light beam [52]. This is a 
noncontact manipulation technique which can be used to  move the cells in their medium 
[23]. 
Lim et al. (2004) [53] used optical tweezers (OT) for large deformations of the 
red blood cells. They stretched the cell using two embedded silica microbeads as 
illustrated in Figure 1.5.  
 
Figure 1.5: Stretching a single human red blood cell using the optical tweezers method [53] 
The methodology of their experiment was such that the left hand side bead was 
fixed to the surface of a glass chamber and the right hand side bead was trapped using a 
laser beam. The deformation was observed via a microscope and recorded on videotape. 
They obtained the deformation of the cell versus the stretching force and also the 
viscoelastic properties of the red blood cells by characterization of relaxation response 
[53].  
Directly measuring the living cell deformation is one of the significant advantages 
of the optical tweezers method, but the heat generated by the laser exposure, which can 
induce thermal shock into the living cells, limits its application in cell membrane 
stretching. An optical trap can induce a force of up to a few hundred pico-Newtons, while 
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up to 400 pN is possible in optical tweezers (which uses the dielectric beads attached to 
the sample) [53]. Using the embedded beads facilitated the mechanical probing of the 
living cell membrane [27]. 
1.4.6 Microplates 
Binding the living cell between two plates (one thick and rigid and the other thin 
and flexible) is also another experimental technique to investigate the deformation of 
living cells. In this technique, the rigid plate serves as an actuator and the flexible, 
calibrated plate as a force sensing sensor. Thoumine and Ott (1997) [24] measured the 
overall mechanical properties (i.e. elastic and viscoelastic responses) of a single 
suspended fibroblast cell on a time scale using the microplate technique. They 
investigated the time dependent deformation of several single cells on the compression, 
traction, and oscillatory perturbation experiments. During the experiments, the vertical 
displacements of the rigid microplate were being controlled using a piezoelectric actuator 
and the deflection of the flexible plate was being observed using a CCD camera. Figure 
1.6 shows the step-by-step traction experiment applied to a single fibroblast cell by 
Thoumine and Ott [24]. 
 
Figure 1.6: Stretching a single fibroblast cell using microplates technique [24] 
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The uniaxial force applied on the single cell (in this manner) was in the range of 
10
-8




 N/µm. The 
measured deflection of the flexible plate (with known stiffness) was used to calculate the 
applied force. Thoumine and Ott [24] also showed that the cell deformation behavior 
during the traction-relaxation experiment could be modeled mathematically using a three-
element Kelvin viscoelastic model (a serial combination of a spring and a dashpot in 
parallel with the second spring) [24]. This suggestion has not been accepted by Desprat et 
al. (2005) [54]. They believed that the creep behavior of a living cell as a complex 
material could not be modeled simply by a finite number of springs and dashpots. They 
believed that the power law could describe the creep behavior of such materials. They 
showed that the complex modulus *( ) ( ) ( )G G iG      derived by creep function








 ) had an excellent 
agreement with those obtained by the other experimental techniques [54]. 
The microplates method is a simple geometric tool to investigate the compressive 
responses of a single cell, as well as its tensile responses [24]. Although it seems that the 
technique used in microplates is the same as atomic force microscopy such that the rigid 
plate serves as substrate and the flexible plate as the cantilever, there is a very important 
difference that must be considered. In microplates methods, the stress and strain are 
coupled but in AFM, as feedback makes the stress constant, the stress and the strain are 




1.4.7  Micropipette aspiration 
Unlike atomic force microscopy (AFM), magnetic twisting cytometry (MTC) and 
laser/optical tweezers which are used to measure the local mechanical properties of single 
living cells, micropipette aspiration is an experimental technique which can be applied 
for whole cell deformation [49].  
In the micropipette aspiration technique, a deformation of the living cell 
membrane is investigated using the portion of the cell membrane which is aspirated into a 
glass pipette by applying a pressure difference.  Investigations of the cell membrane can 
indicate if the cell behaves as a solid or as a liquid. Young’s modulus, surface tension, 
and viscosity of the cell are among the properties of a living cell which can be measured 
using micropipette aspiration [25].   
Rand (1964) [56] and Rand and Burton (1964) [57] studied the required pressure 
difference to aspire a single red blood cell into a micropipette. They found that the 
required pressure difference is inversely proportional to the pipette radius. They also 
found that when the length of the aspirated tongue ( PL ) was equal to the radius of the 
micropipette ( PR ), no additional pressure difference was needed. They measured the 
elastic and viscoelastic properties of the red blood cell membrane based on the theory of 
liquid drop analogy (Laplace Law). Evans (1973) [58] showed that when the outside 
portion of a single red blood cell became spherical, no more cell surfaces can be drawn 
into the pipette and increasing the pressure difference could only induce an elongation 
into the inside portion of the cell [58]. He also measured the shear modulus of red blood 
cells using micropipette aspiration, based on the rheological model of the cell membrane.  
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Micropipette aspiration is also an effective technique to investigate how certain 
cells flow through the smallest vessels or tissues [25]. Hochmuth (2000) [25] studied the 
behavior of two cell lines (neutrophils and chondrocytes) intending to measure their 
elastic and viscous properties using micropipette aspiration. Also, he showed that the soft 
cells, such as red cells, behaved as a liquid drop in a glass pipette while the more rigid 
cells such as endothelial cells behaved as a solid. Figure 1.7 shows a single neutrophil 
cell and a single chondrocyte cell completely aspirated into a glass pipette.  
 
Figure 1.7: The aspirated neutrophil and chondrocyte cells into glass pipettes [25] 
From the shape of the cells inside the glass pipette, one cannot completely say 
which one behaves as a solid, but it can be possible from the behavior of the cell after a 
critical point where the length of the aspirated tongue ( PL ) was equal to the radius of the 
micropipette ( PR ). Hochmuth [25] showed that (based on his experiments and also 
previous work done by the other researchers) when / 1P PL R , both the soft and rigid 
cells behave as solids. But when the suction pressure exceeded the critical pressure 
(where / 1P PL R  ), the soft cells behaved as liquid drops and flowed smoothly into the 
micropipette, while the more rigid cells behaved as solids and the aspiration length of 
cells increased linearly with applied pressure difference. He also proposed that Young’s 
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modulus of solid-like cells could be measured by 4.4 /P PP E L R  , where P  and E 
are the suction pressure and Young’s modulus, respectively. 
Micropipette aspiration is also used to investigate cell adhesion to the substrate. 
Moussy et al. (1994) [59] aspirated adhered endothelial cells which were attached to 
different solid substrates into a glass pipette and showed that the force of detachment is a 
function of the surface tension of the substrate. Chu et al. (2004) [60] used a dual 
micropipette assay to investigate cell-cell adhesion strength. They showed that the 
required force for the separation of two cadherin-dependent cells was a function of the 
duration of contact and cadherin levels. Also, they found that the adhesion between 
cadherin (Calcium-dependent adhesion molecules) and the actin cytoskeleton (the protein 
for maintenance of cell junction and cell shape) initially did not have a significant effect 
on the separation force, but for more contact times it could induce stronger attachment 
[60]. Although the micropipette aspiration method is an effective experimental technique 
in single cell and tissue levels, controlling the suction pressure especially near the critical 
point is a serious issue. 
1.4.8 Dielectrophoresis (DEP ) micro-devises   
When a biological cell is exposed to a non-uniform electric filed (either AC or DC 
since DEP phenomena does not depend on the polarity of the electric field), the electric 
charges accumulate in boundaries, as Figure 1.8 shows, and the cell experience a net 
force called dielectrophoretic (DEP) force [26]. In a certain frequency range, some 
neutral cells are more polarizable than the surrounding medium and experience positive 
DEP forces and are attracted toward the region where the gradient of electric field is 
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higher. Cells that are less polarizable than the surrounding medium are directed away 
from the high electric field region. 
 
 
Figure 1.8: Schematic drawing of DEP phenomena 
The abilitiy of dielectrophoretic MEMS devices as field-induced based techniques 
to manipulate and characterize biological cells have attracted more attention (e.g. 
Zimmermann et al. (1982) [61], Engelhardt et al. (1988) [62], Minerick et al. (2003) [63], 
and Salipante et al. (2012) [64]). Depends on the configuration of electrical parts 
(electrodes) and shape of the cells, the distribution of the DEP forces leads to electro-
rotation or/and cell elongation. 
Among several analytical approaches to study the effect of electric filed in 
dielectric particles, Maxwell stress tensor is regarded as the most general approach to 
calculate the field-induced forces, specifically, when the field is highly non-uniform. For 
instance, Engelhardt et al. (1988) [62] measured the shear elastic moduli and viscosities 
of red blood cell membranes using a dielectrophoretic based device in a high-frequency 








deformation of cells based on an approximate function of electric Maxwell tension. Wang 
et al. (1997) [65]  derived a general expression for dielectrophoretic force using the 
Maxwell stress tensor method. Since then, their general expression has been widely used 
by other researchers. Among biological samples, red blood cells are mostly used 
regarding the ease of preparation. (e.g. Sukhorukov et. al (1998) [66], Minerick et al. 
(2003) [63], and Hua et al. (2011) [67]).  
Recently, the use of dielectrophoresis phenomena to characterize cancerous cells 
and compare their behavior with those of normal cells is of upmost interest. For instance, 
Jian et al. (2011) [68] developed a dielectrophoresis microdevice for mechanical 
characterization of SiHa and ME180 cells (two cervical cancer cell lines). Also, Guido et 
al. (2011) [69] compared, experimentally, the elongations of cancerous origin (MCF-7) 
cells with those of noncancerous tissue (MCF-10A) using a dielectrophoretic device. 
Application of Dielectrophoresis microdevices in cell electro-deformations is presented, 
more in detail, in the entire thesis.     
1.5 Mechanical models for single cell assessment  
As mentioned before, beside experimental approaches, different mechanical 
models have been proposed to characterize mechanical properties of living cells based on 
type and general shape of the cells. A comprehensive review on the appropriate 
mechanical models for living cells has been carried out by Lim et al. (2006) [9]. They 
summarized the mechanical models in three categories as: 1) Cortical shell-liquid, used 
for suspended cells and applicable in micropipette aspiration and optical/laser tweezers, 
2) Solid model, used for adherent cells and applicable in micropipette aspiration, 
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magnetic twisting cytometry (MTC), and atomic force microscopy (AFM), 3) Power-law 
structural damping model used for adherent cells and applicable in MTC and AFM.  
A popular cortical shell-liquid model used to characterize large deformation of 
cell membrane is Newtonian liquid drop model proposed by Yeung and Evans (1989) 
[70]. They considered the cell wall as a thin fluid layer with constant tension T0 and 
cytoplasm as a Newtonian liquid droplet. Their solution for a single cell aspirated into a 
micropipette leads to a relationship between the rate of change of the aspirated tongue 
















    
Where PR is the radius of the micropipette, CR  is the radius of the cell, P  is the 
total suction pressure, crP is critical pressure such that 02 (1/ 1/ )cr P CP T R R  , T0 is 
constant tension of cortical layer, µ is the shear viscosity, and m is a coefficient, 
approximately set at 6.  
Unlike the cortical shell-liquid model, solid model considers the whole cell as a 
homogeneous incompressible elastic or viscoelastic solid [9]. Table 1.3 shows how the 
simplified elastic solid model, depending on the experimental techniques, is used to 






Table 1.3: Linear elastic solid model used for single cell level 
Technique Formula source 
Atomic force 
microscopy 
21.4906 / (1 ) tanF G     Bilodeau (1992) [72] 
Micropipette 
aspiration 
/ (2.0 2.1) / 2P PL R P G    Therer et al. (1988) [73] 
Magnetic twisting 
cytometry 
/ 0.3 / 0.33 /T Gand T d G R    Mijailovich et al. (2002) 
[74] 
 
Where, in Atomic force microscopy (AFM), F is the force of indentation,   is the 
depth of indentation, G is the shear modulus, ν is the Poisson’s ratio, and θ is the 
inclination angle of triangular faces and, in Magnetic twisting cytometry (MTC), T (Pa) is 
the applied mechanical load per unit bead volume,   and d are the measured bead 
rotation and laterally translation respectively, and R is the radius of the bead [9]. 
Power-law structural damping model is also a popular model to characterize 
dynamic behavior of living cells. In AFM, an oscillatory force, ( )( ) i tFF t real A e
    ,  
induces oscillatory indentations, ( )( ) i tt real A e  
    ,  into the cell surface such that  
( )F t  is the oscillatory force, ( )t  is the oscillatory indentations,   is the angular 
frequency, FA and A  are the amplitudes, and   is the phase lag [9]. Alcaraz et al. 
(2003) [75] applied Taylor expansion to the force-indentation relationship proposed by 
Bilodeau (1992) [72] and also considered a Power-law structural damping model for cells 
to derive an equation for complex shear modulus 
















 where (0)i b  is a correction term related to the 
32 
 
viscous friction imposed on the cantilever by surrounding fluid (see the reference paper 
[9] for supplementary information). 
Sound and light scattering by living cells, resonance oscillations of living cells at 
their natural frequencies, and quality factor of these oscillations are among the 
mechanical behaviors of living cells which could be estimated using the analytical 
analysis of appropriate theoretical models as well as experimental approaches. Many 
researchers propose a theoretical model based on the theory of spherical shells because 
the analytical solutions of spherical shells have been well derived and it can be assumed 
that cancer cells and bacteria have spherical shapes [76]. Research shows that theoretical 
results based on the theory of spherical shells are in very good agreement with 
experimental results (e.g. Baddour et al. (2005) [77]). 
Ackerman (1951) [78], for the first time, proposed the resonance in mechanical 
oscillation of living cells. He derived simplified relationships for frequencies of 
resonance vibrations of two different cell models (cell with an interfacial tension in 
membrane and a rigid cell wall) based on the theory of spherical shells filled with and 
surrounded by an ideal incompressible liquid [78]. In his further studies, Ackerman 
(1954) [79] mathematically investigated the effects of viscosity and compressibility of 
fluids on the resonance of living cells. Based on early works of researchers (Ackerman 
(1954) [79], Rayleigh and Lamb (1959) [80] , and Zinin et al. (1987) [81] ), Zinin et al. 
(2005) [17] proposed a more rigorous theory of the natural oscillation of bacteria cells. 
They proposed a shell model to estimate the quality of the natural vibration of different 
type of bacteria as well as to determine their natural frequencies. In the shell model, the 
cell is assumed having an elastic cortex with constant tension T0 and the internal fluid and 
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the surrounding fluid are considered to be viscous and incompressible [17]. The 
analytical solution is achieved based on the equation of motion of an elastic spherical 
shell, the wave equations, and the boundary condition on the cell surface due to fluid-
structure interaction.  
Experiments have shown that ultrasound has biological effects on living cells. 
Many researches aim to investigate the therapeutic and destructive effects of ultrasound 
on living cells. Ilyukhina (2008) [82] used a shell model to study the deformation of cell 
membrane under shock pulse treatment. Like the previous researches in this regard, he 
considered a single cell as an isotropic homogeneous elastic spherical shell and studied 
the effect of a shock pulse on a cell at different times from the moment the shock front 
reached the cell [82]. Zinin et al. (2009) [76] developed a theoretical framework based on 
their earlier work (Zinin et al. (2005) [17]) and an assumption proposed by Ackerman 
(1957) [83] (i.e. mechanical resonances of cells could be excited in the presence of 
micro-bubbles). They mathematically modeled the interactions of micro-bubbles with 
different type of bacteria based on the natural oscillations of viscous drops [84] and the 
theory of spherical shells. They predicted that oscillation of micro-bubbles at the natural 
frequencies of cells could rupture bacteria with low quality factor of natural vibration 
(less than 1) and would not have sufficient mechanical effects on bacteria with high 





1.6  Thesis organizations 
Mechanical properties of living cells could be used as biomarkers to distinguish 
between normal and abnormal cells in a population. Measuring the mechanical properties 
of living cells could be achieved using various experimental methods addressed in the 
first chapter of this thesis. A comprehensive literature review about the recent 
experimental methods for single cell assessments is presented in the chapter.  
In this thesis, among several experimental methods introduced in chapter one, 
dielectrophoresis (DEP) based devices has been chosen for in depth study. Regarding the 
ability of DEP to directly measuring the electro-deformations of living cells, the 
experimental setup of DEP micro-devices is almost easy and cost effective comparing the 
other experimental methods such as Magnetic twisting cytometry and optical tweezers. 
Electrical-neutral charged living cells subjected to a non-uniform external electric 
field experience dielectrophoretic (DEP) forces which could lead to cell elongations. The 
fundamental theories of electro-deformation of living cells based on DEP phenomena and 
two mostly used methods for calculation the DEP forces on the cell surfaces are 
presented in the second chapter. To calculate the DEP forces on the cells, numerical 
techniques (e.g. FEM) should be used to obtain the actual electrical field distribution 
around the cells. In chapter two a finite element simulation of the electro-mechanical 
analysis of a shelled-spherical cell in a non-uniform electric field using COMSOL 
Multiphysics 4.2a is achieved as well. 
In chapter three, parametric studies are performed to investigate the influence of 
the design parameters of a DEP microdevice on the electro-deformation of neutral 
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biological cells. Design optimization of a MEMS device to induce maximum electro-
deformations on living cells by means of COMSOL- MATLAB (GA toolbox) integration 
is also performed in the chapter. The optimum design of the microdevice is compared 
with the initial design to show its ability to induced maximum deformation on the cells.  
The results of electro-deformation process of two cancerous cell lines, MDA-MB-
231 (highly metastatic human breast carcinoma cell line) and MCF-7 (weakly metastatic 
human breast carcinoma cell line) using a positive DEP micro-device are presented in 
chapter four. The electro-deformations of cells are simulated using COMSOL 
Multiphysics and elastic constants of cells are measured by comparing the finite element 
results with the experimental results. Concurring with the previous works, it is expected 
that highly metastatic breast cancer cells (MDA-MB-231) are softer than weakly 
metastatic breast cancer cells (MCF-7) and have more elongations upon applying a given 
electro-mechanical force.  
To induce symmetric elongation on cells, an improved design to trap the 
suspended living cells in the middle of electrodes is designed and presented in the 
chapter. Holding and stretching the cells between electrodes could improve the accuracy 
of calculated elastic constant of cells. 
The last chapter of the thesis includes the summary and possible future works to 
improve the efficiency and accuracy of the DEP method for cell deformations. 
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1.7 Concluding remarks on the experimental methods 
The new possibility to fabricate nano-scale equipment (e.g. nanoneedles), 
emerging new imaging approaches (e.g. environmental scanning electron microscopy), 
and modification of appropriate mathematical models for extracting results (e.g. Hertz-
Sneddon) have made the experimental methods to assess the living cells in their 
physiological environments more powerful, accurate, and efficient. The investigation of 
the outcomes of recently published papers is a traditional approach toward finding new 
methods and improving older ones. This study addressed the recent experimental 
methods and equipment for single cell assessment while indicating their advantages and 
disadvantages.  
It cannot be said which method is better simply by comparing them. Also, as is 
indicated in this review, all methods are in progress and there is a good opportunity of 
modifying them depending on the problem. The efficiency of each method is strongly 
dependent on what that method is used for. For example, atomic force microscopy 
(AFM) is an accurate method of assessing an adhered cell, but it is not applicable for a 
suspended cell. Also, atomic force microscopy is an expensive, due to using laser light, 
and complicated method. Although the microplates method, which uses the same 
approach as atomic force microscopy but is applicable for suspended cells, is more 
simple and cost effective, there is no feedback to control the applied force based on the 
desired deformation. For another example, it is possible to have the applied pressure hold 
a single cell in the micropipette aspiration method, which is difficult to control, but this 
method is a simple way to displace a single cell in a medium compared with the 
laser/optical tweezers method. 
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The efficiency of each experimental method can also be estimated using 
analytical analysis of an appropriate mechanical model of living cells. This study also 
addressed some of the mechanical models proposed in literature to mathematically 
investigate the interaction of living cells with their environment and predict cell behavior 
upon external excitations.  
Not only must the problem definition be considered to choose a method, but also 
the possibility of performing experiments, including the accessible equipment and the 





Chapter 2: ELECTRO-DEFORMATION OF LIVING CELLS IN A NON-
UNIFORM ELECTRIC FIELD 
2.1  Introduction 
Electrical-neutral charged living cells subjected to a non-uniform external electric 
field experience a dielectrophoretic force whose magnitude and direction depends on the 
electric field conditions, electrical properties of cells and their surrounding medium, and 
the structural properties of cells. Total forces acting on a cell bilayer membrane (see 
Figure 2.1) suspended in a medium include the dielectrophoretic force, gravitational 
force, bouncy force, drag force. In the absence of fluid flow, the drag force could be 
neglected. Furthermore, the gravitational force and the bouncy force, in the equilibrium 
position of the cells, are eliminated. The only force, a cell membrane resists to, is the 
dielectrophoretic (DEP) force.  
 
Figure 2.1: Lipid bilayer forming a microsphere 
In this chapter, fundamental theories of electro-deformation of living cells and 
two mostly used methods for calculation of electric field intensities and dielectrophoretic 
forces are presented. Furthermore, an electro-mechanical finite element model of a 
39 
 
shelled-spherical cell in a non-uniform electric field has been developed using COMSOL 
Multiphysics 4.2a and the simulation results have been discussed.  
2.1.1 Electromechanical model of a living cell 
The mechanical model considered for a living cell is an elastic homogeneous 
spherical shell. The electromechanical model of cell represents a lossy spherical shell 
surround by (external medium) and filled with (cytoplasm) lossy mediums and exposed 
to a non-uniform electric field. The electric parameters of the cells are considered to be 
independent of the shape deformation of the cell. The surface charge based on the 
Maxwell-Wagner polarization is neglected. The magnetic and electric filed are decoupled 
such that there is no induced magnetic field due to application of the external electric 
field. The surrounding medium is chosen to have a permittivity less than the cell to 
enable the maximum positive dielectrophoretic forces.  
2.1.2 Governing equations 
In a frequency domain, the governing equation can be expressed in a time-varying 
differential equation as [85] 
          (1) 
Where H is the magnetic field, J is the current density,   is the angular frequency, and D 
is the electric field flux density. 
In the current case, the applied electric field is in a frequency range less than 100 MHz. 
Thus the corresponding wavelength is several orders of magnitude larger than the largest 
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dimension of a DEP experimental setup (including electrodes dimensions and cell 
diameter). When such a situation is applied, the electric filed satisfies the quasi-static 
assumption and the so-called near field approximation can be considered and the effects 
of magnetic field could be ignored [65] such that,  
        (2) 
Considering that      and          , where   is the electrical conductivity,     and 
   are vacuum permittivity and relative permittivity, respectively, and taking the 
divergence of the equation, then the Eq.2 becomes  
                (3) 
Considering the complex conductivity as          and      , where Φ is the 
electric potential in (3), gives the complex form of Laplace equation as  
           
Or        
(4) 
 
Solving the Eq.4 and considering        , lead to evaluation of the electric field 
intensity around the cell surface. 
2.2 Dielectrophoresis phenomena 
When a biological cell is exposed to a non-uniform electric filed (either AC or DC 
since DEP phenomena does not depend on the polarity of the electric field), the electric 
charges accumulate in boundaries, as Figure 2.2 shows, and the cell experience a net 
force called dielectrophoretic (DEP) force [26]. In a certain frequency range, some 
neutral cells are more polarizable than the surrounding medium and experience positive 
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DEP forces and are attracted toward the region where the gradient of electric field is 
higher. Cells that are less polarizable than the surrounding medium are directed away 
from the high electric field region. 
 
Figure 2.2: Schematic drawing of DEP phenomena 
Depending on the configuration of electrical parts (electrodes) and shape of the 
cells, the distribution of the DEP forces leads to electrorotation or/and cell elongation. 
There are several analytical approaches to study the effect of electric filed in dielectric 
particles. The most developed approaches to express the dielectrophoretic force induced 
in biological cells include Maxwell stress tensor and effective dipole moment 
approximation. While Maxwell stress tensor method is regarded as the most general 
approach to calculate the field induced forces, there are some limitations for using dipole 
moment approximation indicated in following sections.    
2.3 Maxwell stress tensor (MST) approach 
For a general conductive dielectric medium, the Maxwell stress tensor,  ⃑⃑⃑⃑, in an 
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(5) 
Where      
 
  
  is the complex permittivity,  ⃑⃑ is the unit tensor, and  ⃑⃑⃑ is the real part 
of the harmonic electric field. 
Considering  ⃑⃑⃑    ( ⃑     )      ⃑        , then  ⃑⃑⃑ can be written as 
 ⃑⃑⃑  
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(6) 
Where  ⃑       is the conjugate complex of electric field. Then Eq. (5) becomes, 
 ⃑⃑⃑⃑    ⃑⃑ ⃑⃑
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      [( ⃑ ⃑    ⃑⃑⃑⃑⃑  ⃑⃑⃑⃑⃑  
 
 
  ⃑  ⃑    ⃑⃑⃑⃑⃑   ⃑⃑⃑⃑⃑  ⃑⃑)] 
(7) 
Where   ⃑⃑ ⃑⃑
⃑⃑ ⃑⃑
 is the time-average stress tensor and   ⃑⃑ ⃑⃑
⃑⃑ ⃑⃑
 is an instantaneous term of stress tensor 
[65]. As    ⃑⃑ ⃑⃑
⃑⃑ ⃑⃑
 vanishes under time average, the DEP force could be calculated based on the 
time-average Maxwell stress tensor derived in the next section.   
2.4 DEP force calculation on the living cell membrane using MST 
approach 
A homogeneous spherical dielectric cell immersed in a homogeneous dielectric 
medium and subjected to a harmonic electric field experiences a time-averaged net DEP 
force given by Wang [65](1997) as  
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(8) 
Where A is the surface enclosing the particle,  ⃑ is the outward unit vector normal to the 
cell surface, and k stands for inside or outside the particle. 
Considering that  ⃑⃑⃑⃑ is the time-average Maxwell stress tensor, the DEP force acting on the 
cell membrane is derived based on Eq.7 and Eq.8 as:  
〈 ⃑   〉  ∮  ⃑⃑⃑⃑     ⃑⃑⃑⃑     ⃑    
 
 
 ∮ {     
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 ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑    
 ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑   ⃑⃑ ⃑⃑ ⃑⃑   |  |
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 ⃑⃑⃑⃑⃑⃑⃑    
 ⃑⃑⃑⃑⃑⃑⃑  ⃑⃑⃑⃑⃑  |  |
  ⃑⃑)]}   ⃑       (9) 
Where subscribes m and c stand for medium and cell properties, respectively. Equation 
(9) explains that the net DEP force on a cell membrane is the difference between 
integration of normal component of upward Maxwell stress tensor,  ⃑⃑⃑⃑    , and that of 
downward Maxwell stress tensor,  ⃑⃑⃑⃑   over the surface enclosing the cell. 
2.5 Electro-deformation of living cells in a non-uniform DC electric field  
In the following section the theoretical founding of living cell deformation is 
presented. 
2.5.1 Problem description 
A shelled spherical cell surrounded in a medium is exposed to a non-uniform DC 
electric field as Figure 2.3 shows. When an electric potential is applied, the cell is 
polarized more than the surrounding medium and experiences a positive DEP force 
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(when the permittivity of the cell is higher than that of the surrounding medium). As the 
field is non-uniform, the DEP forces acting on each half-sphere of the cell are different 
and cell will move toward higher electric field and settles down at its equilibrium 
position. By keeping or increasing the applied electric potential, the distribution of forces 
cause the cell to elongate along the electric field direction called electro-deformation.  
 
Figure 2. 3: Schematic drawing of a spherical cell in a non-uniform electric field 
The Maxwell stress tensor, based on Eq.5, is  
 ⃑⃑⃑⃑   ( ⃑⃑⃑ ⃑⃑⃑  
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(10) 
Expanding Eq.10 in matrix format yields to: 





    
    
           
       
    
    
      
            
    
    
 
] 
This is a symmetrical tensor whose diagonal elements represent pressure and off-
diagonal elements represent shear [68]. 







Figure 2.4: Electromechanical model of a living cell 
Where  ⃑ is outward unit-vector normal to the cell surface,  ⃑⃑⃑⃑    and  ⃑⃑⃑⃑   are the 
Maxwell stress tensor outside and inside the cell, respectively.  ⃑⃑⃑⃑     ⃑ and  ⃑⃑⃑⃑    ⃑  could be 
written as: 
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  ⃑) 
Finding the electrical field distribution is a complex problem. Regarding the 
configuration of electrodes, as shown in Figure2.3, as well as the presence of the cell , 
numerical techniques (e.g. FEM method) should be used to obtain the actual electrical 
field distribution [65]. The electrical field distribution could be derived based on the 
Laplace equation (i.e.       , Maxwell equation (i.e.       ), and the set of 
boundary conditions as: 
{
             
  
     
  
   
    
  
    ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑   ⃑     ⃑⃑ ⃑⃑ ⃑⃑⃑   ⃑
                ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑  ⃑       ⃑⃑ ⃑⃑ ⃑⃑⃑  ⃑ (12) 
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Where     is the applied electric potential,    is medium permittivity,    is 
cytoplasm permittivity,      and     are the electric potential outside and inside the cell, 
respectively. The last two boundary conditions refer to the conservation of electric charge 
and the continuity of the potential function in the interface boundary (i.e cell membrane), 
respectively [65]. It should be noted that in the Maxwell-Wagner frequency range, as the 
present case, the considerable part of applied potential drops across the cell membrane 
such that the cell membrane could be considered as a nonconductive interface. The 
potential difference between external and internal space of the cell (surrounding medium 
and cytoplasm) is called transmembrane potential [86].  
For a shelled spherical cell, the DEP force per unit area based on Eq.11 is defined 
by  
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Substituting boundary conditions (12) in Eq.13 yields:   
  ⃑⃑⃑⃑⃑
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The normal component of DEP force per unit area is defined by 
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 ) 
The tangential component of DEP force per unit area is defined by 
   ⃑⃑⃑⃑⃑
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The DEP force on the cell membrane could be derived by integration of Maxwell stress 
tensor over the membrane surface as: 
〈 ⃑   〉  ∮  ⃑⃑⃑⃑     ⃑   ⃑⃑⃑⃑    ⃑     {
∮   ⃑⃑⃑⃑⃑
   
  ⃑   
∮   ⃑⃑⃑⃑⃑
   
  ⃑   
 
Living cells, in general, are made of lipid bilayer membranes. In such cases, when 
an electric field is applied, the cell membrane acts as an insulator and accumulates 
electric charges on both sides. As accumulated charges are significantly small, cells are 
considered to be neutral [67]. Regarding this fact that the thickness of lipid membrane is 
very small compared with the cell diameter (three order of magnitude), the cell 
membrane could be considered as a zero-thickness capacitor [86].   
The total force strength acting on the cell membrane is the sum of the total DEP 
force per unit area and the membrane mechanical force strength as  
  ⃑⃑⃑⃑⃑    ⃑⃑⃑⃑⃑
   
   ⃑⃑⃑⃑⃑
   
  
Based on the theory of very thin spherical shells, the cell membrane could be 




Figure 2.5: A two-dimensional shell with finite thickness 
The membrane mechanical strength is a measure of the resistance of the cell 
membrane against both bending and stretching and is expressed as: 
  ⃑⃑⃑⃑⃑
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)  ⃑  (  
        
   
     )  ⃑ 
Where    is the shear modulus,    is the bending stiffness,   and   are the tensile 
strain and the resting curvature of the membrane, respectively,  ⃑ is the unit tangent 
vector, and  ⃑ is the unit normal vector, as shown in Figure 2.5.  
In the present case, where there is no fluid flow, the total force exerted on the cell, in the 
equilibrium position, is equal to zero such that: 
∫    ⃑⃑⃑⃑⃑     
 ⃑⃑⃑⃑⃑
    
      (14) 
Where Γ denotes cell membrane and s is the arc length along the cell membrane 




2.6 Living cells in a uniform DC electric field 
As indicated, when the applied electric field in highly non-uniform due to the 
configuration of electrodes and the presence of cells, numerical techniques (e.g. FEM 
method) should be used to obtain the actual electrical field distribution [65]. The ability 
of FEM method could be validated using a simple problem. For this end a single cell is 
considered to be placed between two planar electrodes as Figure 2.6 shows. 
 
Figure 2.6: Schematic drawing of a spherical cell in a uniform electric field 
In the absence of the cell the electric field between the electrodes is uniform and 
described by 
   
 
 ⁄  
(15) 
Where    is the uniform electric field, U is the applied electric potential, and d is the 
distance between electrodes.  
It is important to point out that, even if this situation is applied, the presence of a 
cell in a uniform electric field makes the fields non-uniform and dielectrophoresis could 
occur. The only point should be considered is that the dimension of the cell should be 




When a spherical cell is placed between two electrodes, Figure 2.6, the electric 
field inside and outside the cell are different and can be obtained using Laplace equation 
(i.e.        and the set of boundary conditions (12). In polar coordinate system (    , 
where the driving electric field is in X direction,    is medium permittivity,    is cell 
permittivity, rc is cell radius, the electric field inside,    , and outside,     , the cell are 
found in [87] expressed by 
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Based on Eq.10, the DEP force per unit area of a spherical particle could be defined as  
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The normal component of DEP force per unit area is given by 
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Using the boundary conditions (12), the expression could be defined in terms of the field 
at the particle’s center as 
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Substituting Eq.16 in recent expression leads to 
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If the cell permittivity is two times larger than the medium permittivity then, 
   ⃑⃑⃑⃑⃑
   









              (22) 
Based on the Eq.22, the maximum traction (DEP force per unit area) occurs at the 
cell’s poles (where    ) and its minimum occurs at the cell’s equator (where      ).  
Numerical analysis of the above problem was carried out using COMSOL 
multiphysics. A potential difference (U=10V) is applied between electrodes. A spherical 
cell is placed in the center of the electrodes with distance of 50 µm. The medium relative 
permittivity is considered to have a value of 40 while the cell relative permittivity is set to 
80. Although the initial electric field between planar electrodes is uniform (E0=U/d), the 
presence of the cell makes the field non-uniform as Figure 2.7 shows. 
 
Figure 2.7: Contour plot of the electric field intensity around the cell  
Figure 2.8 illustrates the outward Maxwell stress tensor (electrical tractions) over 
the boundary of the cell. The simulation results show that radial component of tractions 
has a maximum value of 14.84 Pa in cell’s poles and a minimum value of -3.56 Pa in 
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cell’s equator which are in good agreement with those obtained analytically using Eq. 22. 
Based on the analytical approach, Eq. 22, the radial component of tractions has a 
maximum value of 15.93 Pa in cell’s poles and a minimum value of -3.98Pa in cell’s 
equator. 
 
Figure 2.8: Outward Maxwell stress tensor over the boundary of the cell 
Table 2.1 compares the values of maximum and minimum tractions over the cell 
boundary based on FEM analysis (COMSOL) and theoretical analysis (Eq.22). 
Table 2.1: Comparing the maximum and minimum tractions over the cell boundary based on 
FEM analysis (COMSOL) and theoretical analysis (Eq.22). 
Method Maximum traction (Pa) Minimum traction (Pa) 
FEM analysis (COMSOL) 14.84 -3.56 
  Theoretical analysis (Eq.22) 15.93 -3.98 
  Error  6.84 % 10.55 % 
2.7 Effective dipole moment approximation 
Another method to obtain DEP force on particles, in an electric field, is the effective 




Figure 2.9: Schematic drawing of a cell as a dipole particle in a non-uniform electric field  
Based on this approximation,  living cells are considered as polarizable dipole particles, 
as shown in Figure 2.9.The net DEP force is derived and given everywhere as: 
〈 ̅   〉       
              
    (23) 
Where r is the radius of the particle,      is the root-mean-square of the applied 
electrical field, and      is the complex Clausius-Mossotti function expressed as: 
     
               ⁄
                 ⁄
 (24) 
Where    and    are the permittivity and conductivity of the particle, respectively [88]. 
Dipole moment approximation measures the DEP force exerted in the center mass of 
particles and cannot provide the additional information about the distribution of DEP 
force over the surface of particles. Thus this method is effective when particles are small 
compared to the characteristic length of electrodes and medium. This method also does 
not take into account the non-uniformity of electric field due to the presence of particles 
and fail to calculate accurately the DEP force on particles very close to the electrodes 
[89]. In such cases, as the present study, where dimensions of particles are comparable 
with the characteristic length of electrodes, the higher-order multipole assumption is 
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needed. The overall time-average DEP force based on multipole assumption has a form 
of [90]: 






         
   
             
 
      
               (25) 
Where       is a symmetric tensor of rank n,      is n dot product operations, and  
      is the general multipole form of Clausius-Mossotti function expressed as: 
      
               ⁄
                           ⁄
 (26) 
In the case, when the electrical field in axially symmetric and the particle is 
spherical, considering only the dipole term (n=1) and the quadruple (n=2) leads to a good 
agreement with MST approach [89]. The DEP could be expressed as [90]: 
〈 ̅   〉
       
   (    )     
 
 
    
              
  (27) 
Although using the higher order of multipole assumption leads to the more 
accuracy in DEP calculation, this method, however, is unable to predict the DEP force 
distributions over the surface of particles.         
2.8 Finite Element simulation of the cell deformation using COMSOL 
The below section presents the numerical solution of the deformation of the 





2.8.1 Theoretical background 
FEM analysis of electro-deformation of a single spherical shell in a non-uniform 
electric field is an electrostatic problem coupled with a linear-elastic mechanical problem. 
To do so, first a steady-state electrostatic analysis is achieved to calculate the electric 
field intensity inside and outside the sphere and then the DEP force is exerted on the 
boundary of the sphere based on the components of Maxwell stress tensor in a steady-
state mechanical analysis.  
 
Figure 2.10: Schematics of a linear elastic material (Material 1) placed in a medium (Material 2) 
Consider a linear elastic material placed in a medium (Material 2) and subjected 
to an external electric field as shown in Figure 2.10. The electrostatic equilibrium 
equation of motion is given by [91] 
            (28) 
Where    is the total stress tensor and fext is an external volume force. The stress tensor 
must be continuous across the interface [91] such that 
     ⃑   
 
   ⃑        or       
 
   
 
    ⃑              (29) 
Where  ⃑    ⃑      ⃑   ⃑ . The total stress tensor in the elastic material ( 
 
 ) is 
comprised of the downward Maxwell stress tensor (     ) and mechanical stress (   ). 
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The total stress tensor in the medium (   ) is comprised of the upward Maxwell stress 
tensor (   ) and the pressure due to the medium (P) [91] such that 
     ⃑             ⃑   (30) 
     ⃑           (31) 
Assume that the pressure, P, is eliminated by the internal pressure of the material 
1, then the surface force applied on the mechanical body (i.e. Dielectrophoretic force in 
this study) is given by Eq.18 and rewritten as  
  ⃑⃑⃑⃑⃑
   




  ⃑)   (32) 
Where   ⃑⃑⃑⃑⃑
   
 is the Dielectrophoretic tractions which will be calculated from the 
steady-state electrostatic module of COMSOL multiphysics. Tractions then will be 
applied as surface forces on the cell membrane in a steady-state mechanical analysis to 
calculate the electromechanical deformation of the cell. The mechanical stresses could be 
derived by substituting Eq.(30), (31) in Eq.(29) as 
    ⃑              (33) 
2.8.2 Problem formulation 
A single shelled-spherical cell surrounded by a dielectric medium is exposed to a 
non-uniform DC electric field as shown in Figure 2.11.  First, a potential difference of 10 
V is applied between two electrodes to achieve a steady-state electrostatic analysis. Then, 
the surface traction forces, based on the component of Maxwell stress tensor, are applied 
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on the cell boundary to calculate mechanical stresses and deformations in a steady-state 
mechanical analysis. 
 
Figure 2.11: 3D representation of a single shelled spherical cell surrounded in a non-uniform DC 
electric field  
Both cell and medium are considered as dielectric materials. The problem is 
coupled as electrostatic - mechanical analysis but, only the cell is considered as the 
mechanical part of the model. The input parameters of the model are defined in Table 2.2. 
Table 2.2: Input parameters of the 3D electrostatic-mechanical analysis   
Description Unit 
Cell radius 10 µm 
Cell relative permittivity 80 [92] 
Cell density 1150 kg/m
2 
Cell Young’s modulus 600 Pa 
Cell poison ratio 0.37 
Medium relative permittivity 40 [92] 
Medium density 1150 kg/m
2
 
Cytoplasm relative permittivity 60 [92] 
Electrodes thickness 1 µm 
Cell positioning in Z 9 µm 
Model length in X 154 µm 
Model length in Y 65 µm 
Model length in Z 50 µm 
Electrodes distance  40 µm 
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As clear from Figure 2.11, the special configuration of the electrodes produces 
non-uniform electric field intensity everywhere. The non-uniformity of the electric field 
will be higher in electrode’s tips. In a real situation (e.g. an experimental observation) the 
cells motion toward an electrode tip depends on the spatial proximity of the cell. When 
the cells are close to the electrodes, the electric field would be more non-uniform. As 
indicated before, when an electric potential is applied, the cell membrane acts as a 
capacitor and the applied potential jumps over the cell. A jump in applied potential is 
called transmembrane potential [86]. For the given parameters in Table 2.2, Figs. 2.12a 
and 2.12b shows the contour of electric field intensity with and without the cell, 
respectively. As clear in Figure 2.12a, the electric field inside and outside the cell are 
different.   
  
(a) In the presence of the cell (b)Without the cell 
 
Figure 2.12: Contour plot of electric field (a) when the cell is present, (b) no cell is present 
Figure 2.13 shows the 3D finite element model of the problem. The analysis is 




1- The cell is considered as a linear elastic material   
2- The cell permittivity is more than that of surrounding medium 
3- The cell, electrodes, and medium are all considered in electrostatic analysis 
4- Only the cell is considered as a mechanical part in the mechanical analysis 
5- The cell is fixed at the bottom and all degrees of freedom are set to zero around a 
circular boundary on the bottom of the cell.   
6- The total volume of the cell is considered to be constant during analysis.  
The final dimensions of the simulation model to minimize the number of elements 
were determined by starting with a larger size and then finishing with the current size 
without losing the accuracy of the results. The element type is Tetrahedral with the 
predefined fine size (0.5-7µm). The mesh independency was achieved at 120,000 
elements.  
 
Figure 2.13: 3D finite element model of the problem 
As indicated, the surface boundary loads applied on the cell membrane are based 
on the components of Maxwell stress tensor on the cell membrane. As cytoplasm is also 
considered as a medium with certain permittivity, the total electrical tractions on the cell 
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membrane are calculated based on the components of Maxwell stress tensor in cell 
interior as well. Figure 2.14 shows the electric tractions inside and outside the cell.  
  
(a) Interior Maxwell stress tensor (b) Exterior Maxwell stress tensor 
Figure 2.14: Electric tractions inside (a) and outside (b) the cell 
The cell is placed in the center line between electrodes where the net force in X 
and Y direction is approximately zero and the cell is considered to be in its equilibrium 
position. The distribution of DEP forces in cell’s boundaries, while the cell is fixed in the 
bottom, leads to an elongation in X direction as shown in Figure 2.15.  
 
Figure 2.15: Electro deformation of the cell in a non-uniform electric field 




Electro-static formulation of electrically neutral living cells subjected in a non-
uniform electric field has been presented in this chapter. Electro-deformation of 
biological cells as dielectric particles could be studied based on two mostly used 
approaches, Maxwell stress tensor (MST) and effective dipole moment approximation. 
When the sizes of cells are comparable with the typical length of electrodes, using dipole 
moment approximation approach leads to wrong result. In such cases, only Maxwell 
stress tensor approach could be able to predict the distribution of dielectrophoretic 
tractions over the cell’s boundaries. As indicated, when the applied electric field is highly 
non-uniform, numerical techniques (e.g. FEM) should be used to obtain the actual 
electric field distribution [65]. A simple 2D example showed that results of FEM analysis 
using COMSOL Multiphysics are in good agreements with those of theoretical analysis 
presented in 2.6. A 3D finite element analysis of a shelled-spherical cell in a non-uniform 
electric field was achieved. FEM simulations showed that for an applied electric field of 
250 V/mm a spherical cell with properties presented in Table 2.2 had 0.6 µm of 





Chapter 3: PARAMETRIC STUDY AND OPTIMIZATION OF THE ELECTRO-
DEFORMATION MEMS DEVICE TO INCREASE DEP FORCES ON 
BIOLOGICAL CELLS 
3.1 Introduction 
Influence of the design parameters of a DEP microdevice on the electro-
deformation of neutral biological cells are presented in this chapter. The aim is to induce 
maximum electro-deformation on living cells without applying undesirable physiological 
effects on cells including Joule heating (i.e. thermal side effect associated with high 
voltage) and electrolysis (i.e. breaking down of a cell to release the subcellular materials).     
Also, design optimization of the DEP microdevice is performed using the 
integration of COMSOL Multiphysics and Genetic Algorithms (GAs) optimization 
technique.  The optimum design of the model is presented based on the above method 
and compared to the results of the parametric study.  Several parametric studies are 
performed to compare the results of GA with those found by parametric sweep feature-
node of COMSOL Multiphysics. Furthermore, the best design configuration of the model 
has been compared with the initial design which showed an increase of more than two 
times in the maximum induced deformation on the cell in X-direction (see Figure 3.15).  
3.2 Parametric study  
The scope of the parametric study is to investigate the influence of design 




Figure 3.1 shows the schematic of a spherical cell in a non-uniform electric field 
and the parameters of the model. Cell is considered to have a spherical shape. The 
mechanical model of the cell is a homogeneous isotropic spherical shell with a given 
Young modulus. Before applying the electric potential difference, the cell is assumed to 
be in an equilibrium position where the total force on the cell is balanced out.  
When applying the electric potential, the distributed DEP forces on the cell 
surface lead to an elongation on the cell membrane. It is assumed that the volume of the 
cell is conservative and there is no liquid transformation between cytoplasm and medium. 
The cell is placed in the center line between electrodes where the total DEP forces on the 
two cell halves are equal.  
 
Figure 3.1: Schematic of a spherical cell in a non-uniform electric field and the input parameters 
of the model 
The effects of different parameters including cell radius, r (µm), distance between 
electrodes, X1(µm), length of electrodes, X2(µm), relative permittivity of the medium, 





Medium Permittivity X4 
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study feature node of COMSOL 4.2a. Other input parameters are constant during the 
parametric study and defined in Table 3.1. 
The model size is chosen to reduce the number of mesh elements in the model and 
to be large enough such that the change of the cell deformation versus the model size 
would not be significant. It should be noted that the model length and width are variable 
based on the geometrical parameter of the model. Based on several simulations, the 
model height is set to 60 µm.   
Table 3.1: Input parameters of the parametric study 
Description Unit 
Cell relative permittivity 80 [92] 
Cell density 1150 kg/m
2
 
Cell Young’s modulus 600 Pa 
Cell poison ratio 0.37 
Medium density 1150 kg/m
2
 
Cytoplasm relative permittivity 60  
Model height  60 µm 
Electrodes length 30 µm 
Electrodes distance  25 µm 
Tip angle 90
 
Medium relative permittivity 40 
3.2.1 Influence of distance between electrodes on cell elongation 
Figure 3.2 shows the maximum deformation of the cell, calculated in the cell pole 
in a direction parallel to the electric field, versus distance between electrodes. The 
simulation is performed for different size of the cell. As clear, for all cases, the 
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deformation decreases when the distance between electrodes increases. Figure 3.2 also 
shows that for a given electrodes distance, larger cells have more deformations. 
 
Figure 3.2: Deformation of the cell versus distance between electrodes for different size of the 
cell 
Non-dimensional study has also been performed to investigate the cell 
deformation ratio versus size ratio (i.e. distance between electrodes (D) to the cell radius 
(r)).  
 
Figure 3.3: Deformation ratio (Δr/r) of the cells versus size ratio (D/r) 
Figure 3.3 demonstrates the maximum deformation ratio of the cells versus size 
ratio. Also it shows that for a given cell radius, increasing the size ratio leads to the less 


















































cells have larger deformations. To verify the results, two cases have been considered for a 
size ratio of 3. Case number one is a spherical cell with the radius of 5 µm , r, placed 
between two electrodes with 15 µm of distance, D, and case number two is a spherical 
cell with the radius of 6 µm placed between two electrodes with 18 µm of distance. The 
geometrical and material properties of the models are same as defined in Table 2-1. The 
component of DEP force in the direction of electric field (X component) is calculated by 
the integration of the X component of the Maxwell surface stress tensor over half surface 
of the sphere. Figure 3.4 demonstrates the results. As it can be realized, for case.1,  
Fx=4.6 nN and for case.2 , Fx=4.47 nN which shows the force exerted on the surface of 
the bigger cell is less.  
Case1: r =5 µm and distance=15 µm Case2: r =6 µm and distance=18 µm 
 
 
Figure 3.4: Comparing the X component of dielectrophoretic force on cell surfaces 
3.2.2 Influence of tip angle of electrodes on cell elongation  
Figure 3.5 shows the maximum deformation of the cell, calculated in the cell pole 
in a direction parallel to the electric field, versus tip angle of electrodes. The results show 





that sharper electrodes induce less deformation on cell membrane. This happens because 
of the distribution of the DEP force components in the direction of electric field.  
 
Figure 3.5: Comparison of the X component of dielectrophoretic force on cell surfaces 
Figure 3.6 compares the electric tractions (Maxwell stress tensor components) on 




 respectively while other parameters are 
kept constant.  
 
Figure 3.6: Comparison of the electric tractions on the cell surfaces regarding the tip angle of 
electrodes. (a) A cell placed between sharp electrodes. (b) A cell placed between flat electrodes. 





















As clear from Figure 3.6, when the tip angle of electrodes is more flat, the electric 
tractions on the cell poles are larger than those on the quadruples that induce more 
electro-deformation on the cell membrane in direction of applied electric field. 
3.2.3 Influence of relative permittivity of the medium on cell elongation 
As discussed in chapter 2, the relative permittivity of surrounding medium should 
be chosen to have a value less than that of the cell to enable the maximum positive 
dielectrophoretic forces. Figure 3.7 shows the maximum deformation of the cell versus 
the medium permittivity. Here the relative permittivity of cell is set to 80. As Figure 3.7 
reveals, more difference between permittivity of the medium with that of the cell leads to 
more deformation on the cell membrane. This is because cells are much more polarizable 
than the surrounding medium and experience larger DEP forces.  
 
Figure 3.7: Maximum deformation of the cell versus the medium permittivity 
3.2.4 Influence of length of electrodes on cell elongation 
Figure 3.8 shows the curve of the maximum deformation of the cell versus the 






















Figure 3.8: Maximum deformation of the cell versus the length of electrodes 
As clear from Figure 3.8, when the radius of the cell is 10 µm and the applied 
potential difference is 10 V, different electrode lengths between 20 µm to 30 µm will 
induce a change in cell deformation less than 0.1 µm that is not significant. This happens 
because the distributed DEP forces on cell halves are such that the total force does not 
show significant changes regarding different lengths of electrodes. For instance, the DEP 
force on each cell halve varies from 1.18 to 1.22 nN for a distance range of 20 to 30 µm.  
3.3 Optimization study  
When dealing with human cells, viability of cells during experiments and 
experimental limitations should be considered. Optimization of DEP devices is a way to 
overcome the limitation of fabrication and experimental tools. An appropriate 
optimization method must be able to address linear and nonlinear functions. Also, it must 
be applicable for a number of discrete design variables (parameters). Genetic Algorithms 
(GAs) has demonstrated the ability to optimize complex problems. In most of the 
complex problem, as the current case, there is no closed form of objective function and 




















Length of electrodes, µm 
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Muñoz et al. (2008) [93] demonstrated the integration of Genetic Algorithms technique 
and finite elements method to find the best geometric configuration of a heat exchanger 
device. Also, Pelster et al. (2011 COMSOL conference in Stuttgart) [94] presented the 
ability of COMSOL multiphysics to perform an optimization procedure by means of 
LiveLink for MATLAB module [95] based on Genetic Algorithms (GAs) technique. 
The aim of optimization study is to find the most suitable geometric configuration 
of electrode parts of the dielectrophoretic MEMS device used for electro-deformation of 
biological cells. The optimization procedure consists of finding the optimal geometry and 
configuration of the set of electrodes for a given potential difference to maximize electro-
deformation of cells with respect to the geometrical boundaries and experimental 
limitations. Parametric studies, performed in the previous section, are useful as they 
prepare some ideas on how to choose the upper and lower bounds of the parameters for 
an optimization algorithm. Genetics Algorithm has been chosen as the optimization 
technique. The optimization procedure is performed based on integration of COMSOL 
Multiphysics and MATLAB GA optimization toolbox. Results of the GA optimization 
are validated using a sweep in each design parameter while others are constant.  
3.3.1 General formulation of the optimization problem 
The optimization problem can be formulated as:  
       ( ⃑)    ( ⃑) 
        ⃑               
    
             ⃑     
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Where S is the solution space and   ( ⃑) is the displacement of a specific point on 
the cell membrane in direction of applied electric field. The point is chosen such that it 
demonstrates the maximum deformation on the cell membrane. Also lb and ub are the 
lower and upper bounds of the vector  ⃑ that is comprised of the following design 
variables: 
 ⃑               
  
Where, X1 is the length of electrodes, X2 is the distance between electrodes, X3 is 
the tip angle of electrodes, and X4 is the medium relative permittivity. The lower and 
upper bound are chosen such that the distance between electrodes must be larger than the 
cell diameter (X2≥1.25Dc), the tip angle of electrodes could be very sharp up to flat, and 
the medium relative permittivity must be less than the cell relative permittivity to achieve 
the positive Dielectrophoresis (X4≤   ). 
3.3.2 Optimization algorithm 
First, a finite-element model consisting parametric geometries, material types, 
meshing, and physics interfaces is performed using COMSOL. Then, an optimization 
code based on Genetic Algorithms (GAs) is written in MATLAB which is linked with 
COMSOL. The optimization procedure will stop when the maximum generation is 
exceeded. The flow chart of the optimization process is shown in Figure 3.9 [94]. 
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Create initial population N 
randomly
Run COMSOL with each 
individual and calculate 
fitness
Select parents for 
crossover and create 
offspring
Mutate solution
Run COMSOL with each 
new individual and 
regenerate fitness








Figure 3.9: Flow chart of optimization process [94] 
3.3.3 General concepts of the genetic algorithm optimization method 
The genetic algorithm is a method for solving optimization problems that is based 
on natural selection, the process that drives biological evolution. The genetic algorithm 
repeatedly modifies a population of individual solutions. At each step, the genetic 
algorithm selects individuals at random from the current population to be parents and 
uses them produce the children for the next generation. Over successive generations, the 
population evolves toward an optimal solution. You can apply the genetic algorithm to 
solve a variety of optimization problems that are not well suited for standard optimization 
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algorithms, including problems in which the objective function is discontinuous, non-
differentiable, stochastic, or highly nonlinear.  
The genetic algorithm uses three main types of rules at each step to create the next 
generation from the current population: 
• Selection rules select the individuals, called parents that contribute to the 
population at the next generation. 
• Crossover rules combine two parents to form children for the next generation. 
• Mutation rules apply random changes to individual parents to form children. 
3.3.4 Terminology of the genetic algorithm [96] 
Fitness Functions: The fitness function or objective function is the function that 
should be optimized. During the optimization procedure, the GA code attempts to find 
the minimum value for the fitness function.  
Individuals: Any point comprising the vector of design variables  ⃑, is an 
individual. 
Populations and Generations: A population is an array of individuals in each 
generation.  
Parents and Children:  To create the next generation, first the best individuals in 
the current population are selected which are named parents. Children are individuals 
created from parents based on the value of Elite, Crossover, and Mutation fractions.  
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Elite, Crossover, and Mutation: The default for Elite is 2. It means that two of the 
best individuals in each generation will be transferred to the next generation. The 
crossover fraction defines the number of children created by parents while the mutation 
fraction defines the number of children created by a random change in an individual.        
3.3.5 Optimization procedure 
The optimization procedure, in this study, is summarized in 4 steps as follow: 
Step 1. Define the initial population.  
Step 2. Create Elite, Crossover, and Mutation children from the initial population based 
on the defined options. 
Step 3. Calculate the fitness value for each individual. 
Step 4. If stopping criteria is satisfied, then introduce the individual associated with the 
minimum fitness value as an optimum design otherwise go to step.2 
3.3.6 Optimum design of the problem 
Figure 3.1 shows a schematic drawing of a spherical cell in a non-uniform electric 
field. The input parameters of the model are defined in Table 3.2 and the design variables 





Table 3.2: Input parameters for 3D optimization analysis 
Description Value 
Cell radius 10 µm 
Cell relative permittivity 80 [92] 
Cell density 1150 kg/m
2 
Cell Young’s modulus 600 Pa 
Cell poison ratio 0.37 
Medium density 1150 kg/m
2
 
Cytoplasm relative permittivity 60  
Electrodes length X1 
Electrodes distance  X2 
Tip angle X3 
Medium relative permittivity X4 
Model height  60 µm 
 
The problem is to find optimum geometries of electrodes to achieve maximum 
force and deformation on cell membrane. The fitness value in GA algorithm is calculated 
in every generation for each individual using a live-link to the COMSOL structural-
electrostatic analysis. To better demonstrate the optimization procedure, the GA-
COMSOL code is divided in four sub-codes in MATLAB including run_it.m, fun.m, 
model.m, and f1.m. The code run_it.m will call the genetic algorithm function, ga, at the 
command line of the MATLAB workspace as, 
1) run_it.m  
nvars = 4;    % Number of variables 
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gen=60;      
pop_size=10; 
lb=[15 25 1.57 10]; 
ub=[35 35 3 40]; 
%opts = gaoptimset; 
rand('state', 71); % These two commands are only included to 
randn('state', 59); %make the results reproducible 
load opt % opt is pre-defined options that could be modified here 







options = gaoptimset(options,'Display', 'iter'); 
options = gaoptimset(options,'PlotFcns', {  @gaplotbestf @gaplotdistance }); 
[answer,fittness] = ga(@fun, nvars,[],[],[],[],lb,ub,[],[1 2 4],options); 
 
Where nvars is the number of variables, gen is the number of generation and stall 
generation as well, pop_size is the number of population in each generation, lb and ub are 
the lower and upper bounds of design variables, respectively, AA is a matrix whose rows 
represent the initial population. The last line asks GA function to find the fitness value 
using a function defining the fitness function. It should be noted that the geometrical 
variables are integer values. To introduce them as integer, one should set the IntCon of 
the ga function to [1 2 4]. It means that X1, X2, and X4 have integer values. The 
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parameters rand and randn are defined to make the result reproducible. The fitness 





y = f1(mymodel) 
The fun function defines the fitness function as a function of vector X, the design 
variables. Consequently f1.m will calculate the value of fitness function as: 
3) f1.m 
function U = f1(model) 
1) x=evalin('base','x'); 
2) model.param.set('x1',x(1));  
3) model.param.set('x2',x(2)); 
4) model.param.set('x3',x(3)); 
5) model.param.set('x4',x(4));     
6) model.sol('sol1').run;  
7) maxop1 = model.cpl.create('maxop1','Maximum','geom1'); 
8) maxop1.selection.set(3); 
9) model.sol('sol1').updateSolution; 
10) U = -1*mphglobal(model,'maxop1(u)'); 
 
When a finite-element simulation is performed in COMSOL Desktop, one can 
save the model M.file for transferring the model to MATLAB. The model object contains 
all the information about a model, from the geometry to the results. The model object is 
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defined on the COMSOL server and can be accessed at the MATLAB command line 
using a live-link in MATLAB. LiveLink for MATLAB packages contains several 
functions to make it easy to access results directly from the MATLAB command line. For 
the present problem, line 7-10 will calculate the maximum deformations of the cell 
membrane in x-direction using mphglobal function. For transferring the result and edited 
parameters to COMSOL Desktop, it just needs to call the last function names model.m 
presented in the Appendix A.1. 
3.3.7 Results 
Figure 3.10 shows the result of the optimization algorithm for Crossover fraction 
of 0.9 where the population size is 10 and the stopping criteria is based on the maximum 
generation of 30. 
 
Figure 3.10:  Result of the optimization algorithm for Crossover fraction of 0.9 

















Best: -3.59874 Mean: -3.59874

















Average Distance Between Individuals
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Figure 3.10 also shows the average distance between individuals in each 
generation. The average distance between individuals is important as it shows the 
possibility to find the global optimal. If the distance is very high, the problem will need 
more generation to find the optimal point. On the other hand, if it is small, the algorithm 
is unable to find the global optimal point and may stop in a local minimal point. Several 
parameters influence the diversity of the population including the initial range, crossover 
fraction, and mutation fraction. Table 3.3 compares the results of optimization study 
based on different crossover fractions. 
Table 3.3: Comparing different optimum points found by optimization algorithms associated with 
the different crossover fractions 
Crossover fraction Objective value (µm) Optimum point X٭ = (X1,X2,X3,X4)
T 
0.9 -3.59 (27, 25, 3, 16) 
0.8 -3.56 (29, 25, 3, 16) 
0.6 -3.56  (29, 25, 3, 16) 
3.3.8 Validation of the genetic algorithm based optimization results 
To validate the results found by GA optimization method and to investigate if the 
optimal points are global or local, several parametric sweep studies are performed by 
means of COMSOL Multiphysics. The procedure is such that in each parametric study 
one element of the optimum points X٭ in Table 3.3 sweeps along its bound (lb-ub) while 





 Case 1. Sweep of the parameter X1 
Figure 3.11 shows the curve of maximum deformation of the cell membrane in x-
direction versus parameter X1.  
 
Figure 3.11: Maximum deformation of the cell membrane versus parameter X1 
As is clear from Figure 3.11, the optimum points found using parametric sweep 
analysis by COMSOL are exactly those found by the GA code. Here, the point marked by 
a circle is the optimum point that the GA code found for crossover of 0.9 which is a 
global maximum point. This verification shows how the diversity of the population in a 
GA algorithm leads to the different results.  
 Case2. Sweep of the parameter X2 
Figure 3.12 shows the curve of maximum deformation of the cell membrane in X- 

















Length of electrodes µm 
 Crossover fraction 0.9 




Figure 3.12:  Maximum deformation of the cell membrane versus parameter X2 
As Figure 3.12 shows, the maximum deformation occurs when the distance 
between electrodes is 25 µm (in the lower bound). Also GA found the same point for all 
values of crossover fractions. 
 Case 3. Sweep of the parameter X2 
Figure 3.13 shows the curve of maximum deformation of the cell membrane in X-
direction versus parameter X3. The result shows that when the electrodes are sharp, the 
deformation of the cell is less. The maximum deformation occurs when the tip angle is 
170
º
 approximately.  
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 Case 4. Sweep of the parameter X4 
The last case is to study the influence of medium permittivity on cell deformation. 
As mentioned before, the electro-deformation occurs when the permittivity of the 
medium is less than that of the cell. Figure 3.14 shows the curve of maximum 
deformation of the cell membrane in x-direction versus parameter X4. As is clear, the 
maximum deformation is related to medium permittivity of 16. The point associated with 
permittivity of 16 is also found by GA optimization method for all values of crossover 
fractions (see Table 3.3) 
 
Figure 3.14: Maximum deformation of the cell membrane versus parameter X4 
Based on Figure 3.14, results of optimization study restricted the maximum 
difference between permittivity of the medium with that of the cell. Despite the first 
assumption of electro-deformation of living cells that revealed more difference between 
permittivity of the medium with that of the cell leaded to more deformation on the cell 
membrane, optimization study showed that there is an optimum point where the induced 






















Relative permitivity of the medium 
83 
 
3.3.9 Best Design 
Based on the input parameters given in Table 3.2, Figure 3.15 compares the 
electro-deformation of the cell in the initial design of microdevice chip with the best 
design found by optimization technique.  
(a) Initial design 





(b) Best design 














X1 (µm) is the length of electrodes, X2 (µm) is the distance 
between electrodes, X3 (degree) is the tip angle of electrodes, and X4 is the medium relative 
permittivity 
Figure 3.15: Comparison of the maximum deformation of the cell in the initial design (a) and the 
best design (b) 
The results show that, for a given potential difference, cells placed between flat 
electrodes exhibit more deformation. Also, more difference between cell permittivity and 
medium permittivity increases DEP forces and induced electro-deformation on neutral 
living cells. There is always some limitations and uncertainty about medium permittivity. 
For instance, adding a small amount of Glycerol oil in the prepared solution decrease the 
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permittivity of the medium but, as the media becomes very viscous and adherent, it limits 
the movement of the suspended cells. Also, to avoid thermal effects, the electrical 
conductivity of the medium should be kept very low that restricts the possibility of using 
different solution. 
3.4 Conclusion  
Results of the above parametric study showed that the maximum deformation of a 
cell significantly depends on the geometrical properties of the model. It should be noted 
that, any change in the cell deformation less than 0.1 µm has not been taken into account 
because it is not measurable with the imaging techniques used during the experimental 
studies. Based on this assumption, among different parameters, the distance between 
electrodes and the tip angle of electrodes have more influence on the cell deformation 
comparing with the length of electrodes.  On the other hand, the limitations of preparing a 
medium for suspending the living cells lead to discounting the medium permittivity as a 
significant parameter. For choosing the best geometrical model, to achieve a maximum 
deformation, an optimization study has been performed and described in this chapter.  
Design optimization of a MEMS device to induce maximum electro- 
deformations on living cells was performed by means of COMSOL- MATLAB (GA 
toolbox) integration. Crossover fraction influences directly the diversity of the 
individuals during optimization. Very high or low diversity leads to increasing the 
iteration number or stopping in a local minimum, respectively. As GA is based on 
random selection and modification of individuals, it might be unable to catch all the 
points in a feasible set. To validate the ability of GA algorithm, several parametric studies 
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have been performed to compare the results of GA with those found by parametric sweep 
feature-node of COMSOL Multiphysics. As discussed, the points found as local or global 
optimums are compatible with optimum points found by GA for different crossover 
fractions. As noted, in this study, the design variables are mixed integer. With the best 
knowledge of the author, among different optimization toolboxes of MATLAB 2012a, 
only GA has the ability to accept mixed integer variables. Furthermore, the best design 
configuration of the problem was compared with the initial design which showed an 
increase of more than two times in the maximum induced deformation on the cell in X-





Chapter 4: EXPERIMENTAL ANALYSIS OF ELECTRO-DEFORMATIONS OF 
SINGLE LIVING CELLS AND VALIDATION OF THE MODEL 
4.1 Introduction 
The results of electro-deformation process of two cancer cell lines, MDA-MB-
231 (highly metastatic human breast carcinoma cell line) and MCF-7 (weakly metastatic 
human breast carcinoma cell line) using a positive DEP microdevice are presented in this 
chapter. The detailed process of cell preparation and suspension medium, experimental 
setup, and microdevice design are also briefly described. The electro-deformations of 
cells are simulated using COMSOL Multiphysics and elastic constants of cells are 
measured by comparing the finite element results with the experimental results. 
Furthermore, deformations of two cell lines are compared and the conclusion is 
presented.  
4.2 Cell preparation protocol 
MDA-MB-231 and MCF-7, human breast cancer cell lines,  have been obtained 
from the Center of Experimental Therapeutics in Cancer, (lady Davis Institute for 
Medical Research of the Sir Mortimer B. Davis-Jewish General Hospital, McGill 
University, Montreal, Canada).   
Cells were cultured in 75 cm
2
 tissue culture flask (Falcon) and fed every 48h with 
RPMI-1640 medium with 10% fetal bovine serum FBS and 1% penicillin. At 80-90% 
confluence, the cells were washed with phosphate buffered saline PBS, trypsinized with 
0.05% Trypsin in 0.53 mM EDTA and reseeded at a ratio of 1:4. 
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4.3 Suspension medium 
A medium solution with low conductivity was used in the experiments to prevent 
the thermal effects of Joule heating on the living cells. The medium has been prepared in 
the laboratory by adding 8.5% (w/v) sucrose plus 0.3% (w/v) dextrose to distilled water. 
The medium was filtered and then sterilized in order to avoid any contamination of the 
living cells during the experiments. The electrical conductivity of the medium was 
adjusted to the desired conductivity (5 to 10 mS/m) by adding a small quantity of trypsin. 
Addition of 700µL of Trypsin to 100 mL of sucrose/dextrose provides a medium with 
conductivity of 10 mS/m.  
4.4 Specimen preparation  
Two different specimens of living breast cancer cells were used in the 
experiments. The procedure of preparation of the specimens is given below: 
a. Liquid media covering cells were removed using the aspirator.  
b. Cells were washed with 5 ml of phosphate buffered saline (PBS) for a 30 s and 
then PBS was removed from the flask using the aspirator. 
c. Cells were trypsinized by adding 3 ml of 0.05% Trypsin in 0.53 mM EDTA to the 
flask and incubated for 5 minutes until they detached from the flask. 
d. Cells were removed from the incubator and checked under the microscope to 
ensure detaching of cells from the walls of flask. 
e. 5 ml of RPMI-1640 was added to the flask and then the solution was mixed 
consistency to prevent any cluster of cells. 
f. Cells were counted using the hemocytometer.  
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g. The solution were transferred into 15 ml centrifuge tubes and centrifuged for 4 
min at 500g. 
h. After centrifugation, cells pellet would settle down at the bottom of the tube and 
liquid medium could be removed using the aspirator. 
i. Cells were suspended in the sucrose/dextrose medium with adjusted electrical 
conductivity made by Trypsin as described earlier. Cells pellet has been 
suspended carefully to avoid any cluster of cells. 
j. For MCF-7 specimen a ratio of 2:1 of sucrose/dextrose medium to distilled water 
is needed. It has been observed that adding this quantity of water is needed to 
prevent the cells membrane of absorbing too much of sucrose/dextrose and keep 
the shape of cells spherical. For MDA-MB-231 the step (i) is enough for having 
spherical cells.  
k. A droplet of the specimens was placed on the P-DEP device shown in Figure 4.1. 
l. A difference of potential of 2 Volts, peak-to-peak, with frequency of 1MHz was 
applied to the cells in order to achieve P-DEP phenomenon and trap the cells at 
the tips of the electrodes where the electric field is higher as illustrated in figure 
4.3. 
m. The applied voltage was increased by small steps to 20 Volts peak-to-peak in five 
minutes at same frequency of 1MHz. 
n. The process was performed in the clean room to prevent any contamination and 
cells were kept under 20 Volts peak-to-peak applied voltage for 10 minutes for 














Figure 4.1: (a) The P-DEP microdevice for trapping and stretching the living cells, (b) Electrode 
lines and electrical connections 
4.5 Experimental setup 
The experimental setup shown in Figure 4.2 consists of the followings: 
1- A function generator source to supply potential difference to the microdevice with 
the required AC signal. 
2- The electro-deformation P-DEP microdevice (shown in Figure 4.1) 
3- Inverted microscope for observation 
4- Digital camera to record the images of the electro-deformation process. 
5- Computer to visualize the electro-deformation of living cells. 
DEP microdevice   
Electrodes    




Figure 4.2: Experimental setup for trapping and stretching the living cells 
4.6 Microdevice design and fabrication (P-DEP device) 
The experimental electro-deformation microdevice was designed to be capable to 
stretch cells with the diameters of 8 to 20 µm. The configuration of the device was 
established based on the simulations prior described.  The device consists of different 
structures with a variety of electrodes positioned at variable distances and of various 
shapes. The distance between electrodes was ranged from 15 to 45 µm. Triangle shaped 
electrodes with different tip angles and also parallel electrodes have been designed to 
induce maximum deformation on the cells in a given voltage. As discussed in chapter 3, 
the results based on modeling indicate the maximum deformation of cells is expected 
when placed between parallel electrodes.  
Fabrication of the microdevice was carried out by Fineline Imaging Company 
based on the design provided by the candidate. Very thin layer electrodes (100-250 nm) 
are etched on a Ni coated glass substrate. Electrical connections have been installed in the 







4.7 Experimental analysis of cancer living cell lines 
Experimental procedure of electro-deformations of two breast cancer cell lines 
and the method of estimating the Young’s modulus of cells are described in the following 
sub-sections. 
4.7.1 Electro-deformation of MDA-MB-231 and MCF-7 cell lines 
As described earlier, first an AC potential difference of 2 Volts peak-to-peak with 
1 MHz of frequency is applied between electrodes. The applied voltage induces a net 
positive dielectrophoretic force on the cells that directs the cell toward the tip of 




Figure 4.3: (a) MCF-7 cells are attached to the tips of electrodes, (b) Finite element simulation of 
electric field between the electrodes using COMSOL. The arrows indicate the direction of the 
dielectrophoretic force. The background contours indicate the electric field strength 
To induce electro-deformation on cells, the applied voltage was increased up to 
20 Volts peak-to-peak and kept in this voltage for 10 to 15 minutes. Figure 4.4 shows two 





A.2 in the appendix shows more captured images of the trapping-stretching procedure of 
the sample cells. 
  
(a-1) Captured image of trapping the cells upon 
applying 2 Volts 
 
(b-1) Captured image of stretching the cells 
after 10 minutes of exposure of 20 Volts 
 
  
(a-2) Calibrated image of trapping the cells 
upon applying 2 Volts 
(b-2) Calibrated image of stretching cells after 
10 minutes of exposure of 20 Volts 
 
Figure 4.4: MDA-MB-231 trapping- stretching-procedure (a) Trapping the cells upon applying 2 
Volts(b) Stretching the cells after 10 minutes of exposure of 20 Volts 
Several attempts have been performed for different samples. The detailed 
procedure of increasing the applied voltage is such that first an AC potential difference of 
2 Volts is applied between electrodes. After trapping the cells, the applied voltage is 
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suddenly increased to 5 Volts. After making sure that no more cells are around the high 
electric field region (about 2 minutes), the applied voltage is increased to 10 Volts and 
then, after 2 minutes, to 20 Volts. The applied voltage will be kept at this voltage for 10 
minutes. To prevent the negative thermal effects of Joule heating on the cells, the applied 
potential difference should be always less than 40 Volts peak-to-peak. 
The range of cells radius and results of experimental deformations for both cell 
lines are listed in Table 4.1. Measurements have been performed using Motic Images plus 
2 Digital Microscopy Software Suite.  
Table 4.1: Statistical results of the experimental electro-deformations of MDA-MB-231 and 
MCF-7 cells 
Cell line Radius (µm) Deformation (µm) Deformation ratio 
MDA-MB-231, 20 
cells 
5.97±0.88 1.153±0.49 0.19±0.08 
MCF-7, 15 cells 5.88±0.72 0.69±0.33 0.11±0.05 
 
Here, the deformation is the elongation of cell radius parallel to the applied 
electric field and deformation ratio is the ratio between the total elongation of the cell and 
the original diameter of the cell. Statistical results are presented in the form of “mean 
values ± standard deviations” although the number of experiments reported to the 
population is relatively small. Comparing the experimental results demonstrates that 
invasive MDA-MB-231 cells are softer than non-invasive MCF-7 cells. Although the 
sizes of the two cell lines are almost same, elongations of MDA-MB-231 cells are almost 
twice higher than those of MCF-7 cells that might help cancer cells to migrate through 
the capillary vessels to other organs and thus being highly metastatic. Figure 4.5 shows 
and compares the electro-deformation of two different cell lines. 
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Cell line Trapping the cells upon applying 2 
Volts 
Stretching the cells after 10 
minutes of exposure of 20 
Volts 






(b) Calibrated images 





 (c) Captured images of 
trapping –stretching 
procedure of MCF-7 
  
(d) Calibrated  images 
of trapping –stretching 
procedure of MCF-7 
  
Figure 4.5: (a) & (c) Captured images of trapping - stretching of breast cancer cell lines 




4.7.2 Estimation of Young’s modulus for the two cell lines 
The Young’s modulus of cells is calculated by matching the deformation of cells 
obtained experimentally by adjusting the parameters of the simulation in the finite 
element analysis. Finite element analysis is performed by means of COMSOL 
Multiphysics (details have been presented in chapter two). For this end, a value for the 
Young’s modulus of the cell is assumed (collected form the published literatures) for 
given input parameters presented in Table 4.2. Second, the calculated elongation of cell is 
compared with the experimental results. Then, by sweeping the value of Young’s 
modulus using parametric study feature node of COMSOL Multiphysics, approximate 
suitable value of the Young’s modulus of the cell is extracted such that the deformation 
of cells from the simulation coincides with the value obtained from the experiments.   
Table 4.2: Input parameters of the electro-deformation model of cells  
Description Value 











Cell density 1150 kg/m
2
 
Cell Young’s modulus 500 Pa 
Cell poison ratio 0.37 
Medium density 1150 kg/m
2
 
Cytoplasm relative permittivity 57 [97]  
Medium relative permittivity 40 [87] 
 
Given the uncertainty in the relative permittivity of the medium a value that 
would yield the closest matching with the experiments was selected from the literature  
[87], and [98]. Hence, the deformation of cells in the simulation could mimic the actual 
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deformation of cells observed during experiments. It should be noted that the permittivity 
of medium should be less than that of the cells to achieve positive dielectrophoresis. 
As described in chapter 2, when a cell is placed between electrodes, the positive 
dielectrophoretic forces cause the cell to move and settles down on one electrode 
boundary such that the total force on the cell is balanced out (i.e. cell equilibrium 
position). By increasing the applied electric field, the distributed DEP forces on the two 
cell halves lead to an elongation of cell which is observable in the plane of motion. To 
find out the equilibrium position of the cell during the simulation, cells are placed in 
vicinity of one electrode where the net DEP forces (i.e. integration of the Maxwell stress 
tensor over each-half of the cell surface in the direction of applied field) will cancel out. 
Figure 4.6 shows the deformation of the cell after applying a potential difference of 20 
Volts peak-to-peak between electrodes as resulted from the simulation. 
 
Figure 4.6: Deformation of the cell near one electrode in equilibrium position 
Since the equilibrium position depends on the electrical properties of the 
components in the model as well as the radius of the cell, the value changes for each size 
of the cell.  
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By modifying the calculated deformations obtained from simulation based on 
measured deformation obtained from the experiments, Table 4.3 shows the calculated 
Young’s modulus for both cell lines. The calculations of Young’s modulus were 
performed based on the control limits approach.   
Table 4.3: Calculated values of Young’s modulus of MDA-MB-231 and MCF-7 cells 
Cell line Radius (µm) Young’s modulus (Pa) 
MDA-MB-231 20 cells 5.97±0.88 478±45.36 
MCF-7, 15 cells 5.88±0.72 1046±149.16 
 
Figure 4.7 shows the histogram of calculated Young’s modulus of the two cell line. 
 
 
Figure 4.7: Histogram of calculated Young’s modulus of MDA-MB-231(a), and MCF7 (b) 
(a) Young’s modulus of MDA-MB-231 (Pa) 
 
(b) Young’s modulus of MCF-7 (Pa) 
Percent of cells 
 
Percent of cells 
 
Number of cells: 20 
 




In order to examine the sensitivity of the calculated Young’s modulus to the 
number of individual cells, the total measurements of cell properties were divided into 
five subgroups randomly and the average value of each subgroup was calculated. Figure 
4.8 shows the mean control chart of Young’s modulus to monitor changes in the mean of 
total process. The standard error of the mean, S.E, is defined as: 




Where   is the population standard deviation and n is the number of observation 
per sample. The standard normal variable, Z, is set to 3 for 99.74% confidence.  
  
(a) (b) 
Figure 4.8: Mean control chart of Young’s modulus of MDA-MB-231 (a), and MCF-7 (b) 
As expected, the standard error of the mean of Young’s modulus of cells is 
decreased with increasing the number of samples cells. As clear from Figure 4.8, the 
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samples have been randomly selected, more individual cells should be examined to 
conclude the total needed of cells for achieving maximum accuracy of calculated 
Young’s modulus of cells.  
4.8 An improved design to trap the cells in the middle of electrodes 
One of the challenges encountered in the experimental work was positioning of 
the cells between two electrodes. This is clearly illustrated by Figures 4.3, 4.4 and 4.5. 
This challenge led to a new improved design of the P-DEP device.  
One way to induce symmetric deformation on a cell is to hold the cell between 
two electrodes where the net forces on the cell surface become zero and also the 
distributed DEP forces on the cell lead to a symmetric deformation on the cell as shown 
in Figure 4.9.  
 
Figure 4.9: Symmetric deformation of a cell positioned at the center line between electrodes 
Performing this positioning during experiments would be possible just by using 




Figure 4.10: Configuration of two electrode circuits to apply symmetric deformations on cells 
The procedure of inducing the symmetric deformation on a cell is given below: 
a. Deposit a droplet of suspended cells in media on the chip  
b. Applying a potential difference of 2 Volts p-p, 1 MHz between the  positioning 
(thin) electrodes via connections No.2 
c. Increase the voltage of connections No.2 up to 5 Volts p-p, 1 MHz to fully hold 
the cells near the tips of left electrode 
d. Apply a potential difference of 5 Volts p-p , 1 MHz between deformation (thick) 
electrodes via connections No.1 
e. Increasing the voltage of connections No.1 up to 20 Volts p-p, 1MHz to induce a 
symmetric electro-deformation on the cell. 
Figure 4.11 shows the symmetric elongation of a MDA-MB-231 cell performed 
by two set of electrodes. It should be noted that, depending on the cell size, the applied 
potential difference between thin electrodes should be tuned to prevent the cell deflecting 




(a) Cell is approaching to highest electric 
field 
(b) Cell is held by thin electrodes and 
stretched by thick electrodes in the 
middle 
Figure 4.11: Trapping and stretching a MDA-MB-231 cell in the middle of thick electrodes  
It should be noted that, since the applied voltage to the positioning (thin) 
electrodes is not cut during cell stretching, the total deformation of cells could be due to 
total forces applied by both set of electrodes. Furthermore, due to proximity of electrodes 
and high frequency of applied voltage, the possibility of induced current should be 
considered. More investigation is needed to study the influence of electrodes shape and 
arrangement on the electro-deformation of cells in the improved design.  Here the electric 
field is different. Figure 4.12 shows the finite element simulation of electric field around 
the electrodes using COMSOL Multiphysics.  
 
Figure 4.12: Finite element simulation of electric field. The arrows indicate the direction of the 







4.9 Comparison of the obtained results with the results presented in the 
literature 
The experimental results of the present study demonstrate that invasive MDA-
MB-231 cells are softer than non-invasive MCF-7 cells. Also, the results confirm that 
metastatic cells are mechanically softer than non-metastatic and weakly metastatic cells 
of the same type, as reported in other works. To the best knowledge of the candidate, few 
studies have been carried out to compare the deformability of human breast cells of 
different lines.  For instance, Lee et al. (2012) [99] demonstrated that malignant and 
metastatic breast cells showed low resistance to deformation. They used atomic force 
microscopy to measure the Young’s modulus of adherent human breast cells at the 
different states. They reported average amounts of 800 Pa for MDA-MB-231, 1300 Pa 
for MCF-7, and 1700 Pa for MCF10A (normal human breast epithelial cells) in the 
cytoplasm region. The results of their study are higher than the values of Young’s 
modulus measured in the present study because; the cells that are adherent and attached 
to the substrate respond more elastic comparing to those that are suspended in the 
medium and deform due to cytoskeletal changes [100].  
Among different techniques measuring mechanical properties of living cells, as 
discussed in chapter one, optical stretchers, micropipette aspiration, microfluidic 
channels, and DEP based devices are applicable for suspended cells. For instance, Guck 
et al. (2005) [101] measured  deformation ratios of 0.21±0.011 for MCF-7 cells, and 
0.33±0.014 for MDA-MB-231 using a microfluidic optical stretcher with an incident 
light power of 600 mW.  
103 
 
Microfluidic channels have also the ability to mimic the in vivo movement of 
living cells flowing through capillaries. Hence, in the recent years, investigations of cell 
deformability flowing through microfluidic channels have attracted much attention. For 
instance, Hou et al. [102] (2009) observed that MCF-7 cells generally have higher 
elongation indices compared with  MCF-10A cells for the same cell sizes. As the 
elongation index provides information on the elasticity of the cell, this indicates that 
cancerous MCF-7 cells compress and elongate more in the microchannel compared to 
benign MCF-10A cells. This result is also consistent with findings by Lincoln et al. [103] 
(2004) who have used the optical stretcher to stretch both MCF-7 and MCF-10A cell 
lines. They have found that MCF-7 cells can stretch five times more than normal cells. 
Cell elastic properties, as demonstrated in the present study, could be used as a 
biomarker to discriminate between normal and cancerous cells and could be practical in 
cancer diagnostic application. The problem that might restrict such investigations is that, 
there are several reasons demonstrating that single living cells do not have a unique value 
of Young’s modulus, including: 
1) When an external mechanical load is applied to the cell structure, most living 
cells (except the rigid cells such as bone cells) suffer large deformations.  
2) In some cases, cell deformation is a function of both the magnitude of the 
external load and the loading rate [104].  
3) Different regions of a single living cell (i.e. nuclear region or rest of the cell 
body) have different values of Young’s modulus [99].  
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4) For the cells with very thin membranes, such a bilayer human cells, the 
different experimental methods (due to the technique used to indent the cell surface) lead 
to different values of elastic properties of a cell surface [14].  
5) Elastic properties of the living cells alter during the cell life [4]. This evidence 
could be seen as a support of various values of Young’s modulus for a single living cell 
(see Table (1) in the reference paper [14]).  
6) The medium composition affects the elasticity of living cells. For instance, 
Nikkhah et al. (2011) [105] considered the influence of the growth medium in mechanical 
properties of human breast cells. They measured the Young’s modulus of MDA-MB-231 
cell line ranging from 500±350 (Pa) to 370±250 (Pa) based on different medium 
solutions (see Table 2 in appendix A-2 [105]). 
4.10 Conclusion 
The ability of a positive DEP based microdevice to trap and stretch living cells 
was demonstrated in this chapter. The electro-deformations of invasive MDA-MB-231 
cells were measured and compared with that of non-invasive MCF-7 cells. Concurring 
with the previous works, the results of this study showed that highly metastatic breast 
cancer cells (MDA-MB-231) were much softer than weakly metastatic breast cancer cells 
(MCF-7), such that they could squeeze easier and migrate into human tissue through 
capillary blood vessels. The significant difference between mechanical properties of 
different cancerous cell lines, as demonstrated in Table 4.1 and Table 4.3, could be used 
as a label free biomarker to distinguish between invasive and non-invasive carcinoma 
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cells whose shapes and sizes are roughly the same. The author could not find any 
published study investigating the electro-deformability of human carcinoma breast cells 
using DEP based devices. However, the results of this study, by its very nature, are in 




Chapter 5: SUMMARY AND FUTURE WORK 
5.1 Summary of the research study 
Many diseases such as cancers start with single living cell that induce certain 
biological activities in the adjacent normal cells, and consequently make permanent 
changes in the mechanical properties of normal cells. The difference between the 
mechanical and structural properties of normal and abnormal cells, which in most cases is 
significant, can be the starting point toward recognizing the abnormal cells which 
generally live beside the normal cells. In the last three decades, experimental methods 
have proven their ability to measure the mechanical properties of living cells, but their 
limitations have also been reported.  
Some of the experimental methods, such as atomic force microscopy (AFM), 
despite their high accuracy, can be used only for adhered cell assessment and some of 
them which are applicable for suspended cells, such as micropipette aspiration, cannot 
measure the frequency-dependent responses of the living cells. It can be said that the 
efficiency of each method is strongly dependent on what that method is used for.  
The first chapter of the thesis provided a critical review of the recent experimental 
methods and equipment for single cell assessments. Among recent experimental methods, 
dielectrophoresis (DEP) based devices have been introduced as novel techniques to 
directly measuring the living cell deformations. Dielectrophoretic forces are field-induced 
forces excreted to electrical-neutral charged living cells subjected to a non-uniform 
external electric field and could leads to cell elongations. The second chapter of the thesis 
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presented the fundamental theories of electro-deformation of living cells based on DEP 
phenomena and two mostly used methods for calculation dielectrophoretic forces were 
introduced. Furthermore, a finite element simulation of electro-mechanical analysis of a 
shelled-spherical cell in a non-uniform electric field using COMSOL Multiphysics 4.2a 
was achieved as well.    
In the chapter three, parametric studies were performed to investigate the 
influence of the design parameters of a DEP microdevice on the electro-deformation of 
neutral biological cells. For choosing the best geometrical model, to induce maximum 
deformations on cells, an optimization study was performed and described as well. 
Design optimization of a MEMS device to induce maximum electro-deformations on 
living cells was performed by means of COMSOL- MATLAB (GA toolbox) integration. 
Comparing the initial design with optimum design showed an increase of more than two 
times in the maximum induced deformation on the cell in X-direction (see Figure 3.15).  
The results of electro-deformation process of two cancerous cell lines, MDA-MB-
231 (highly metastatic human breast carcinoma cell line) and MCF-7 (weakly metastatic 
human breast carcinoma cell line) using a positive DEP micro-device were presented in 
chapter four. The electro-deformations of cells were simulated using COMSOL 
Multiphysics and elastic constants of cells were measured by comparing the finite 
element results with the experimental results. Concurring with the previous works 
(regarding this fact that few studies have been carried out to compare the deformability of 
human breast cells of different lines), the results of this study showed that highly 
metastatic breast cancer cells (MDA-MB-231) were much softer than weakly metastatic 
breast cancer cells (MCF-7), such that they could squeeze easier and migrate into human 
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tissue through capillary blood vessels. The significant difference between mechanical 
properties of different cancerous cell lines, as demonstrated in Table 4.1 and Table 4.3, 
could be used as a label free biomarker to distinguish between invasive and non-invasive 
carcinoma cells whose shapes and sizes are roughly the same. 
An improved design to trap the suspended living cells in the middle of electrodes 
was presented and experimentally tested in the present work. Inducing symmetric 
elongation on cells could improve the accuracy of calculated elastic constant of cells. 
Also, as the cells are positioning between electrodes (in the transparent zone), the 
visibility of captured images and accuracy of calibrated images could be improved. 
However, holding the cells between electrodes for several minutes to apply maximum 
electro-deformations is another challenge that needs more investigations. 
5.2 Areas of further study 
DEP based devices apply minimum permanent biological effects on living cells 
but, due to this fact that the individual cells have to be positioned near the electrodes, 
measurement are low throughput. Also, after each experiment, the droplet of cells should 
be removed and the chip should be cleaned carefully for the next experiment. To increase 
the speed of manipulation and assessment of living cells, integration of a microfluidic 
device with the presented DEP device needs to be studied. Cells passing through a micro-
channel could also experience electro-deformations by cutting the fluid flow and 




As discussed in 4.8, one way to induce symmetric deformation on a cell is to hold 
the cell between two electrodes where the net forces on the cell surface become zero and 
also the distributed DEP forces on the cell lead to a symmetric deformation on the cell as 
shown in Figures 4.9 and 4.11. Since the applied voltage to the positioning (thin) 
electrodes is not cut during cell stretching, the total deformation of cells could be due to 
total forces applied by both set of electrodes. Furthermore, due to proximity of electrodes 
and high frequency of applied voltage, the possibility of induced current should be 
considered. More investigation is needed to study the influence of electrodes shape and 
arrangement on the electro-deformation of cells in the improved design. The 
experimental procedure of using two different electrode circuits could be developed such 
that the movements of the cells would be completely under control.    
Generally, statistical approaches are used to present the calculated Young’s 
modulus of living cells. The mostly used form is based on standard deviation. However, 
when the number of experiments reported to the population is relatively small, other 
approaches such as control limits are more appropriate. As the change of Young’s 
modulus versus number of cells is not linear (see Figure 4.8), not always more examined 
cells leads to more accuracies in calculated results. The total needed of cells for achieving 
maximum accuracy while considering time consuming is an area of interest and could be 
studied. Also, different cell lines might be examined in order to clarify the resistance of 
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A.1: model.m , MATLAB function for transferring the result and modified 
parameters to COMSOL Desktop 
  




model = ModelUtil.create('Model'); 
  








model.physics.create('solid', 'SolidMechanics', 'geom1'); 








model.param.set('x1', ['30[' native2unicode(hex2dec('00b5'), 'Cp1252') 
'm]']); 
model.param.descr('x1', 'Length of electrodes'); 
model.param.set('x2', ['30[' native2unicode(hex2dec('00b5'), 'Cp1252') 
'm]']); 
model.param.descr('x2', 'Distance between electrodes'); 
model.param.set('x3', '90[deg]'); 
model.param.descr('x3', 'Tip angle'); 
model.param.set('x4', '40[1]'); 
model.param.descr('x4', 'Medium permittivity'); 
model.param.set('x5', ['20[' native2unicode(hex2dec('00b5'), 'Cp1252') 
'm]']); 
model.param.descr('x5', 'Vertical distance between electrodes'); 
model.param.set('x6', ['0[' native2unicode(hex2dec('00b5'), 'Cp1252') 
'm]']); 
model.param.descr('x6', 'Cell position'); 
model.param.set('r1', ['10[' native2unicode(hex2dec('00b5'), 'Cp1252') 
'm]']); 
model.param.descr('r1', 'Cell radiuos'); 
model.param.set('tt', ['0.5[' native2unicode(hex2dec('00b5'), 'Cp1252') 
'm]']); 















model.geom('geom1').feature('wp1').geom.feature('b1').set('p', {'0' '0' 
'0'; '0' '0' '0'}); 




model.geom('geom1').feature('wp1').geom.feature('b1').set('p', {'0' '0' 
'0' '0'; '0' '0' '0' '0'}); 
model.geom('geom1').feature('wp1').geom.feature('b1').set('w', {'1' '1' 
'1' '1' '1' '1'}); 
model.geom('geom1').feature('wp1').geom.feature('b1').set('degree', [1 
1 1 1]); 
model.geom('geom1').feature('wp1').geom.feature('b1').set('p', {'0' '0' 
'0' '0' '0'; '0' '0' '0' '0' '0'}); 
model.geom('geom1').feature('wp1').geom.feature('b1').set('w', {'1' '1' 
'1' '1' '1' '1' '1' '1'}); 
model.geom('geom1').feature('wp1').geom.feature('b1').set('degree', [1 
1 1 1 1]); 
model.geom('geom1').feature('wp1').geom.feature('b1').set('p', {'0' '0' 
'0' '0' '0' '0'; '0' '0' '0' '0' '0' '0'}); 
model.geom('geom1').feature('wp1').geom.feature('b1').set('w', {'1' '1' 
'1' '1' '1' '1' '1' '1' '1' '1'}); 
model.geom('geom1').feature('wp1').geom.feature('b1').set('degree', [1 
1 1 1 1 1]); 
model.geom('geom1').feature('wp1').geom.feature('b1').set('p', {'0' '0' 
'0' '0' '0' '0' '0'; '0' '0' '0' '0' '0' '0' '0'}); 
model.geom('geom1').feature('wp1').geom.feature('b1').set('w', {'1' '1' 
'1' '1' '1' '1' '1' '1' '1' '1' '1' '1'}); 
model.geom('geom1').feature('wp1').geom.feature('b1').set('degree', [1 
1 1 1 1 1 1]); 
model.geom('geom1').feature('wp1').geom.feature('b1').set('p', {'0' '0' 
'0' '0' '0' '0' '0' '0'; '0' '0' '0' '0' '0' '0' '0' '0'}); 
model.geom('geom1').feature('wp1').geom.feature('b1').set('w', {'1' '1' 
'1' '1' '1' '1' '1' '1' '1' '1' '1' '1' '1' '1'}); 
model.geom('geom1').feature('wp1').geom.feature('b1').setIndex('p', '-
x2/2', 0, 0); 
model.geom('geom1').feature('wp1').geom.feature('b1').setIndex('p', '-
x2/2-x1*cos(x3/2)', 0, 1); 
model.geom('geom1').feature('wp1').geom.feature('b1').setIndex('p', 
'x1*sin(x3/2)', 1, 1); 
model.geom('geom1').feature('wp1').geom.feature('b1').setIndex('p', '-
x2/2-x1*cos(x3/2)', 0, 2); 
model.geom('geom1').feature('wp1').geom.feature('b1').setIndex('p', 
'x1*sin(x3/2)+x5', 1, 2); 
model.geom('geom1').feature('wp1').geom.feature('b1').setIndex('p', '-




'x1*sin(x3/2)+x5', 1, 3); 
model.geom('geom1').feature('wp1').geom.feature('b1').setIndex('p', '-
x2/2-x1*cos(x3/2)-x5', 0, 4); 
model.geom('geom1').feature('wp1').geom.feature('b1').setIndex('p', '-
1*(x1*sin(x3/2)+x5)', 1, 4); 
model.geom('geom1').feature('wp1').geom.feature('b1').setIndex('p', '-
x2/2-x1*cos(x3/2)', 0, 5); 
model.geom('geom1').feature('wp1').geom.feature('b1').setIndex('p', '-
1*(x1*sin(x3/2)+x5)', 1, 5); 
model.geom('geom1').feature('wp1').geom.feature('b1').setIndex('p', '-
x2/2-x1*cos(x3/2)', 0, 6); 
model.geom('geom1').feature('wp1').geom.feature('b1').setIndex('p', '-
x1*sin(x3/2)', 1, 6); 
model.geom('geom1').feature('wp1').geom.feature('b1').setIndex('p', '-












































native2unicode(hex2dec('00b5'), 'Cp1252') 'm]'], 2); 
model.geom('geom1').feature('sph1').set('r', 'r1'); 






native2unicode(hex2dec('00b5'), 'Cp1252') 'm]'], 2); 










model.geom('geom1').feature('sph3').setIndex('pos', 'x6', 0); 
model.geom('geom1').feature('sph3').setIndex('pos', ['r1+1[' 








{'12' '0' '0' '0' '12' '0' '0' '0' '12'}); 
model.material('mat1').propertyGroup('def').set('electricconductivity', 
{'7.9e6' '0' '0' '0' '7.9e6' '0' '0' '0' '7.9e6'}); 
model.material('mat1').set('family', 'plastic'); 
model.material.create('mat2'); 
model.material('mat2').propertyGroup.create('Enu', 'Young''s modulus 





{'80' '0' '0' '0' '80' '0' '0' '0' '80'}); 
model.material('mat2').propertyGroup('def').set('thermalexpansioncoeffi





{'0.26[W/(m*K)]' '0' '0' '0' '0.26[W/(m*K)]' '0' '0' '0' 
'0.26[W/(m*K)]'}); 
model.material('mat2').propertyGroup('def').set('electricconductivity', 









































{'273' '1403'; '278' '1427'; '283' '1447'; '293' '1481'; '303' '1507'; 
'313' '1526'; '323' '1541'; '333' '1552'; '343' '1555'; '353' '1555'; 




{'15e-3[S/m]' '0' '0' '0' '15e-3[S/m]' '0' '0' '0' '15e-3[S/m]'}); 
model.material('mat3').propertyGroup('def').set('relpermittivity', 






{'40' '0' '0' '0' '40' '0' '0' '0' '40'}); 
model.material('mat4').propertyGroup('def').set('electricconductivity', 
















model.physics('solid').feature.create('bndl1', 'BoundaryLoad', 2); 
model.physics('solid').feature('bndl1').selection.set([16 17 18 19 20 
21 22 23 24 25 26 27 28 29 30 31]); 
model.physics('solid').feature('bndl1').set('FperArea', {'es.nTx_FDEF' 
'es.nTy_FDEF' '0'}); 
model.physics('es').feature.create('fcal1', 'ForceCalculation', 3); 
model.physics('es').feature('fcal1').selection.set([3]); 
model.physics('es').feature('fcal1').set('ForceName', 1, 'FDEF'); 
model.physics('solid').feature.create('disp1', 'Displacement1', 1); 
model.physics('solid').feature('disp1').selection.set([32 35 36 39 42 
45 54 55]); 
model.physics('solid').feature('disp1').set('Direction', 3, '1'); 
model.physics('solid').feature.create('disp2', 'Displacement1', 1); 
model.physics('solid').feature.create('disp3', 'Displacement1', 1); 
model.physics('solid').feature('disp2').selection.set([33 34 37 38 47 
49 51 53]); 
model.physics('solid').feature('disp2').set('Direction', 2, '1'); 
model.physics('solid').feature('disp3').selection.set([40 41 43 44 46 
48 50 52]); 
model.physics('solid').feature('disp3').set('Direction', 1, '1'); 
model.physics('es').feature.create('pot1', 'ElectricPotential', 2); 
model.physics('es').feature('pot1').selection.set([6 10 12 13 14 15]); 
model.physics('es').feature('pot1').set('V0', 1, '5'); 
model.physics('es').feature.create('pot2', 'ElectricPotential', 2); 
model.physics('es').feature('pot2').selection.set([32 33 35 36 37 39]); 
















































































A.2: Trapping-stretching procedure of MDA-MB-231 cells 
Upon applying 2 
volts 
 
Upon applying 20 
volts 
 
After 5 minutes of 
exposure of 20 
volts 
 
After 10 minutes of 
exposure of 20 
volts 
 
Figure A.2 Trapping-stretching procedure of MDA-MB-231 sample cells 





A.3: Elastic parameters of MCF10A and MDA-MB-231 cells in different growth 
media [105] 
  
 
